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STATUS OF EXXCTROSTATIC THRUSTORS 

FOR SPACE PROPULSION 

by W i l l i a m  R. Mickelsen and Harold R.  Kaufman 

Lewis Research Center 

SUMMARY 

Although some ex i s t ing  e l e c t r o s t a t i c  t h rus to r s  show promise of s u f f i c i e n t  
du rab i l i t y  f o r  in te rp lane tary  f l i g h t ,  shortcomings of these  th rus to r s  would incur  
se r ious  payload losses .  
programed spec i f i c  impulse, eff ic iency,  power-conversion requirements, and thrus- 
t o r  m a s s .  The s t a t u s  of e l e c t r o s t a t i c  t h rus to r  components is  examined from t h e  
standpoint of performance i n  space missions. The electron-bombardment th rus to r  
appears t o  be superior  t o  other  types a t  present.  

These shortcomings are e spec ia l ly  severe with regard t o  

Current research programs a r e  described f o r  electron-bombardment th rus to r s ,  
contact-ionization th rus to r s ,  and co l lo ida l -par t ic le  th rus tors .  The c r i t i c a l  
component i n  t h e  electron-bombardment th rus to r  i s  t h e  cathode, and recent  data  
ind ica te  that  durable, low power, cathodes can be developed, The performance of 
t h e  contact-ionization th rus to r  i s  severely l imi ted  by porous-tungsten technol- 
ogy. The requirements f o r  submicron, close-spaced pores without i n - f l i gh t  s in-  
t e r i n g  appear formidable. Col loidal-par t ic le  t h rus to r s  are s t i l l  i n  t h e  research 
s tage but appear t o  have t h e  bes t  promise for high e f f i c i ency  at low spec i f i c  
impulse, low m a s s ,  and programed spec i f i c  impulse operation. 

INTRODUCTION 

It i s  the  purpose of t h i s  repor t  t o  show the present status of e l e c t r o s t a t i c  
t h rus to r s  as components of e l e c t r i c  propulsion systems, t o  describe i n  d e t a i l  
t h e i r  ma jo r  research and development problems, and t o  discuss t h e i r  possible  fu -  
t u r e  performance. 

A t  present,  t h e  chemical rocket is man's only operat ional  primary propulsion 
system f o r  space f l i g h t .  Nuclear rockets and e l e c t r i c  rockets  cons is t  only of 
paper schemes and preliminary experimental equipment. It is c lear ,  however, that 
i f  t h e  performances of these  propulsion systems live up t o  expectations t h e i r  use 
w i l l  make possible  many space missions t h a t  are impract ical  with chemical rock- 
e t s .  This is i l l u s t r a t e d  i n  t h e  mission performance survey i n  reference 1 and i n  
t a b l e  I 'taken from reference 2. 

E l e c t r i c  propulsion s y s t e m s  can be divided i n t o  th ree  major pa r t s :  t h e  
e l e c t r i c  powerplant, t h e  th rus to r ,  and any power-conversion equipment between t h e  
two. The requirements f o r  e l e c t r i c  propulsion systems M t h  regard t o  weight and 
d u r a b i l i t y  have been discussed r ecen t ly  i n  references 2 t o  4. E l e c t r i c  rockets  
can compete i n  payload f r a c t i o n  with nuclear rockets  f o r  M a r s  missions only i f  



they  achieve a s p e c i f i c  m a s s  of about 10 kilograms per kilowatt  or l e s s .  To be 
competitive i n  t r i p  time as wel l  as payload f r a c t i o n ,  t h e  e l e c t r i c  propulsion 
system should be about 5 kilograms per kilowatt  o.r l e s s .  

Most, i f  not a l l ,  of e l e c t r i c  propulsion-system m a s s  is usual ly  assumed t o  
res ide  i n  t h e  e l e c t r i c  powerplant. Analytical  s tud ies  have resu l ted  i n  estimates 
of powerplant masses i n  t h e  range from 1 t o  E kilograms per kilowatt  ( r e f s .  5 
t o  10) .  
c e l l s  and thermoelectric systems with s p e c i f i c  masses from 50 t o  100 kilograms 
per kilowatt  - too  heavy t o  match even the  s m a l l  payload f r a c t i o n  of chemical 
rockets.  
weights i s  t h e  aim of a la rge ,  current research and development program. Since 
the  e l e c t r i c  th rus tor  is  useless  without a s u i t a b l y  lightweight e l e c t r i c  power- 
plant ,  it m u s t  be assumed herein t h a t  t h i s  program w i l l  be successful. 

The only operat ional  space e l e c t r i c  powerplants, however, a r e  s o l a r  

Reduction of t h i s  la rge  gap between a c t u a l  and required powerplant 

The f i r s t  port ion of t h i s  report  is  devoted t o  an examination of t h e  present 
s t a t u s  of e l e c t r o s t a t i c  th rus tors  with regard t o  t h e i r  integrat ion as a component 
i n  lightweight propulsion systems. A n  ex is t ing  experimental th rus tor  i s  used as 
an example, and t h e  e f f e c t s  of the  performance of t h i s  th rus tor  on some space 
missions a r e  determined. 

From t h i s  examination, a number of shortcomings of ex is t ing  thrus tors  become 
apparent. Reasons f o r  these  shortcomings a r e  explained i n  terms of t h e  basic  
physical  processes f o r  each of t h e  thrus tor  types.  Research and development pro- 
grams on these problems a r e  summarized. 

THRUSTOR PEXF'OFMANCE 

The c r i t e r i a  f o r  good e l e c t r i c  t h r u s t o r  performance a r e  implied i n  many ar- 
Some of these  c r i t e r i a  a r e  r a t h e r  obvious, t i c l e s  on e l e c t r i c  space propulsion. 

while others  a r e  more subt le .  Furthermore, not a l l  a r e  of equal importance i n  
each type of space mission. I n  evaluating t h e  comparative performance of elec- 
t r o s t a t i c  th rus tors ,  it i s  necessary t o  define t h e  performanee c r i t e r i a  c l e a r l y  
so t h e i r  individual e f f e c t s  on mission performance can be determined. The f o l -  
lowing sect ions a r e  i n  t h e  order of t h e  c r i t e r i a  l i s t e d  i n  reference 11, which 
s t a t e  t h a t  t h e  e l e c t r i c  t h r u s t o r  must: 

Operate a t  a spec i f ic  impulse d ic ta ted  by mission analysis  

Convert e l e c t r i c  power and propellant m a s s  i n t o  t h r u s t  with high e f f i -  
ciency 

Be compatible with t h e  power-generation system 

Operate r e l i a b l y  and continuously f o r  months or years 

Have a low m a s s  

Have a physical s i z e  compatible with t h e  vehicle  and t h e  booster 

e f f e c t s  of these c r i t e r i a  on mission performance w i l l  be i l l u s t r a t e d  by 



combining an ex is t ing  e l e c t r o s t a t i c  th rus tor  with an imaginary e l e c t r i c  power- 
plant .  The powerplant i s  assumed t o  be a nuclear- turboelectr ic  type and i s  de- 
f ined  t o  include a l l  power-generation components except t h e  e l e c t r i c  generator, 
t he  power-conversion equipment, t h e  controls ,  and t h e  switchgear. Two missions 
w i l l  be used t o  i l l u s t r a t e  t h e  e f f e c t s  of t h e  th rus to r  on mission performance, a 
M a r s  o rb i t e r  mission and a M a r s  round-trip mission. Payload f r ac t ions  f o r  these  
two missions a r e  shown i n  f igures  1 and 2 as functions of t r i p  time and propul- 
s ion system spec i f ic  m a s s  (AU sym- 
bo l s  a r e  defined i n  appendix A . )  From these f igu res ,  it i s  evident t h a t  t h e  
powerplant spec i f i c  m a s s  must be s m a l l  i f  t h e  e l e c t r i c  rocket i s  t o  be su- 
per ior  t o  the  chemical rocket or nuclear rocket.  For t h i s  reason, a powerplant 
spec i f i c  m a s s  of 4 kilograms per kilowatt  i s  used f o r  t h e  Mars o rb i t e r  mission, 
and one of 2.5 kilograms per ki lowatt  is  used f o r  t he  M a r s  round-trip mission i n  
t h e  following mission analyses.  

“pS ( f ig s .  1 and 2 are taken from r e f .  3).  

c ~ p ~  

The e l e c t r o s t a t i c  t h rus to r  i s  an electron-bombardment type t h a t  uses mercury 
vapor propellant.  This t h rus to r  was o r ig ina l ly  conceived and developed at t h e  
NASA Lewis Research Center. For brev i ty ,  it i s  r e fe r r ed  t o  as t h e  reference 
th rus to r  herein.  T h i s  t h rus to r  i s  described i n  severa l  papers (e.g. ,  r e f s .  1 2  
t o  1 4 ) .  
A t  t h e  present time, t h i s  t h rus to r  has the  highest  demonstrated e f f ic iency  of any 
e l e c t r i c  t h rus to r ,  and i t s  du rab i l i t y  has been s u f f i c i e n t l y  measured t o  a l l o w  a 
good degree of confidence i n  predict ing i t s  performance i n  space f l i g h t .  A de- 
t a i l e d  descr ipt ion of t h i s  t h rus to r  i s  more appropriate i n  t h e  sect ion,  Electron- 
Bombaxbent Thrustors, so  only t h e  thrus tor  cha rac t e r i s t i c s  necessary t o  a sys- 
tems study w i l l  be described i n  t h e  discussion of t h rus to r  e f f e c t s  on mission 
performance. 

A s ing le  module used f o r  experimental research i s  shown i n  f igure  3. 

Programed Specif ic  Impulse 

I n  an ea r ly  study, I rv ing  and Blum showed t h a t  optimum interplanetary t r a n s -  
f e r  t r a j e c t o r i e s  f o r  low-thrust vehicles involved t h e  use of f u l l  power continu- 
ously w i t h  wide var ia t ions  i n  th rus t  magnitude and d i r ec t ion  ( r e f .  15) .  The 
Irving-Blum t r a j e c t o r i e s  provide maximum payloads f o r  a given t r i p  time T 
through minimization of t he  quant i ty  ( see  appendix B ) :  

where a denotes t h e  r a t i o  of instantaneous t h r u s t  and vehicle  m a s s  F/M, 7 i s  
th rus to r  eff ic iency,  9 i s  powerplant output power, and t i s  time. The mini- 
mization of this  i n t e g r a l  is  subject t o  the  equations of motion i n  g rav i t a t iona l  
f i e l d s  and t o  t h e  spec i f ied  i n i t i a l  and f i n a l  conditions. Subsequent analyses 
have provided the  parameters of t he  Irving-Blum t r a j e c t o r i e s  f o r  a number of 
space missions ( r e f s .  16  and 1 7 ) .  

With continuous f u l l  power but var iab le  t h r u s t  magnitude, t he  spec i f i c  i m -  

3 



pulse must a l s o  vary throughout t h e  t r i p ,  s ince (see r e f .  18 and appendix B 
herein)  : 

where 7 is  t h r u s t o r  eff ic iency,  Pj,,ff i s  e f fec t ive  j e t  (exhaust) power, F i s  

t h r u s t ,  vj,eff 
tor, and I i s  s p e c i f i c  impulse, which is  defined by 

i s  ef fec t ive  j e t  veloci ty ,  g, i s  gravi ta t iona l  conversion fac-  

F I E  
g c k o t  

where qot is t h e  t o t a l  propellant m a s s  flow r a t e .  A t y p i c a l  spec i f ic  impulse 
program f o r  optimized t r a j e c t o r i e s  i s  shown i n  f i g u r e  4. It is evident t h a t  t h e  
spec i f ic  impulse must vary over a very wide range i n  these  t r a j e c t o r i e s .  

Exis t ing e l e c t r o s t a t i c  th rus tors  do not have t h e  a b i l i t y  t o  operate over a 
wide range of s p e c i f i c  impulse. For t h i s  reason, t r a j e c t o r i e s  have been calcu- 
l a t e d  f o r  constant t h r u s t  magnitude (but  with var iable  t h r u s t  d i rec t ion)  with an 
optimized coast phase i n  t h e  middle of t h e  he l iocent r ic  phase ( r e f s .  1 9  t o  2 1 ) .  
A t y p i c a l  constant s p e c i f i c  impulse program is a l s o  shown i n  f igure  4. 

Now it i s  c l e a r  t h a t  if an e l e c t r i c  t h r u s t o r  can only operate a t  a constant 
spec i f ic  impulse, any loss i n  mission performance due t o  t h i s  shortcoming of t h e  
thrus tor  must be charged against  the  thrus tor .  The l o s s  i n  mission performance 
can be subs tan t ia l ,  as shown i n  f igures  5 and 6 f o r  t h e  M a r s  o r b i t e r  and Mas 
round t r i p ,  respect ively.  

The payload f r a c t i o n s  f o r  the  Irving-Blm t r a j e c t o r i e s  were determined from 
information i n  references 1 6  and 17 .  The s p e c i f i c  impulses shown on t h e  Irving- 
Blum payload f r a c t i o n  curves a r e  those required f o r  t h e  Earth escape phase, which 
a r e  usually t h e  lowest of the  e n t i r e  mission, as indicated i n  f igure  4. The pay- 
load f rac t ions  and s p e c i f i c  impulses f o r  t h e  constant spec i f ic  impulse t r a j e c t o -  
r i e s  were determined from unpublished t r a j e c t o r y  analyses by J. S. MacKay, NASA 
Lewis Research Center. Both t h e  Irving-Blum and t h e  constant spec i f ic  impulse 
, t ra jec tor ies  are  determined by numerical analysis  so  it i s  not possible t o  assign 
an ana ly t ic  ( i . e . ,  closed-form) f igure  of merit f o r  the  l o s s  i n  mission perfor- 
mance caused by a t h r u s t o r  t h a t  i s  unable t o  operate with a var iable  spec i f ic  Tm- 
pulse. It appears t h a t  comparisons of payload against  t r i p  time, such as those 
i n  f igures  5 and 6 a r e  necessary. 

I n  s m a r y  then, e l e c t r i c  th rus tors  t h a t  cannot operate with a var iable  spe- 
c i f i c  impulse m a y  cause subs tan t ia l  losses  i n  mission performance. This i s  par- 
t i c u l a r l y  t r u e  for fast interplanetary t r i p s .  Exis t ing e l e c t r o s t a t i c  th rus tors ,  
such as t h e  reference thrus tor ,  m u s t  be charged with t h i s  loss .  As w i l l  be d is -  
cussed, some advanced e l e c t r o s t a t i c  th rus tor  concepts hold promise f o r  operation 
with var iable  s p e c i f i c  impulse. It i s  a l s o  possible t h a t  a program with a few 
constant spec i f ic  impulse s teps  might be a close approximation t o  t h e  optimum 
variable  spec i f ic  impulse program, i n  which case no ser ious loss would OCCUT due 
t o  i n a b i l i t y  t o  vary spec i f ic  impulse continuously. 
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Efficiency 

The demonstrated e f f ic iency  of t h e  reference th rus to r  i s  shown i n  f igu re  7. 
Although t h e  curve shown is  ac tua l ly  t h e  r e s u l t  of a t h e o r e t i c a l  calculat ion,  ex- 
perimental r e s u l t s  have been obtained equal. t o  - or exceeding - t h e  values shown 
over most of t h e  range of spec i f ic  impulse, Some explanation is necessary t o  de- 
f i n e  f u l l y  t h e  th rus to r  eff ic iency 7 and t h e  propellant u t i l i z a t i o n  e f f ic iency  
qu shown i n  f igu re  7. 
The various th rus to r  performance parameters a r e  derived i n  appendix B. 

The def in i t ions  used here in  are those of reference 18. 

The u t i l i z a t i o n  e f f ic iency  qu is simply 

- m+ 
= 7 

mtot 
(3) 

where &+ 
e l e c t r o s t a t i c a l l y  accelerated t o  produce thrust. I n  essence, t h e  u t i l i z a t i o n  
e f f ic iency  defines t h e  f r a c t i o n  of t o t a l  propel lant  that i s  l o s t  a t  thermal ve- 
l o c i t i e s  and thereby produces negl igible  thrust. This propel lant ,  which leaves 
t h e  ionizat ion chamber as neut ra l  atoms, can have ser ious consequences on thrus-  
t o r  durabi l i ty ,  as w i l l  be discussed. 

i s  t h e  m a s s  f l o w  r a t e  of propel lant  ac tua l ly  ionized, o r  charged, and 

The th rus to r  e f f ic iency  i s  defined as 

where 
of motion p a r a l l e l  t o  t h e  t h r u s t  vector and includes t h e  e f f e c t  of propel lant  
loss.  
t a i l e d  de r iva t ion ) :  

Pj,eff 

From equations (1) t o  (4), it is  evident t h a t  ( see  appendix B for a de- 

represents  t h e  power i n  t h e  exhaust corresponding t o  t h e  component 

where qp i s  t h e  th rus to r  power e f f ic iency  

The j e t  power PJ does not include t h e  e f f e c t  of propel lant  loss ,  but  does ac- 
count f o r  t he  power loss  due t o  nonuniform exhaust speed and t h e  power loss due 
t o  nonparal le l  exhaust ve loc i ty  vectors.  

The e f f e c t  of t h rus to r  e f f ic iency  on mission performance is shown i n  figures 
8 and 9 f o r  t h e  M a r s  o r b i t e r  and M a r s  round-trip missions, respect ively.  It i s  
c l ea r  t h a t  t he  increase i n  powerplant m a s s  n e c e s s a r y t o  make up f o r  t h rus to r  in -  
e f f ic iency  can ser ious ly  reduce t h e  payload. It i s  evident f r o m  inspect ion of 
f igu res  5 t o  7 t h a t  operat ion at  a l o w  spec i f i c  impulse., such as t h a t  required 
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f o r  t h e  Earth escape phase of an Irving-Blum t r a j e c t o r y ,  would a l s o  r e s u l t  i n  
great  loss i n  payload capacity. Exact evaluation of t h e  e f f e c t  of t h e  reference 
t h r u s t o r  inef f ic iency  on Irving-Blum missions would require  incorporation of t h e  
eff ic iency i n t o  t h e  numerical analysis; however, an approximate analysis  reported 
i n  reference 22 shows t h a t  such payload losses  would be very severe ( s e e  appen- 
d ix  B) .  

Inasmuch as t h e  reference thrus tor  has t h e  highest  e f f ic iency  of ex is t ing  
thrus tors  i n  t h e  range of i n t e r e s t  of spec i f ic  impulse, it i s  apparent t h a t  eff i -  
ciency cons t i tu tes  a major problem f o r  e l e c t r o s t a t i c  th rus tors .  Fortunately, 
there  a r e  a number of advanced t h r u s t o r  concepts t h a t  have good promise of pro- 
viding higher e f f ic ienc ies .  

Power Conversion 

E l e c t r o s t a t i c  t h r u s t o r s  require  high-voltage direct-current e l e c t r i c  power. 
Although it i s  possible  t o  operate with al ternat ing-current  power, t h e  perfor- 
mance may be severely decreased with such operation ( r e f .  2 3 ) .  
th rus tor  can use al ternat ing-current  power f o r  some of i t s  components, but t h e  
major power requirement i s  f o r  d i r e c t  current a t  t h e  voltages shown i n  f igure  10. 

The reference 

This direct-current  power could be supplied by various power-conversion 
schemes coupled with t h e  turbine shaf t  i n  t h e  nuclear tu rboe lec t r ic  powerplant: 

(1) Rotating high-voltage electromagnetic generator with r e c t i f i e r ,  con- 
t r o l s  , and s w i t  chgear 

( 2 )  Rotating conventional-voltage electromagnetic generator with trans- 
former, r e c t i f i e r ,  controls,  and switchgear 

(3) Rotating high-voltage e l e c t r o s t a t i c  generator with i n t e g r a l  r e c t i f i e r ,  
controls,  and switchgear 

A recent analysis  of power-conversion equipment i n  t h e  1000-kilowatt power range 
has shown t h a t ,  above 2400 v o l t s ,  conventional low-voltage electromagnetic gen- 
e ra tors  with transformers w i l l  be l i g h t e r  than high-voltage electrogenerators 
without transformers ( ref .  24). Since t h e  reference t h r u s t o r  requires  voltages 
higher than 2400 v o l t s  i n  t h e  spec i f ic  impulse range of i n t e r e s t ,  the  high- 
voltage electromagnetic generator w i l l  not be considered f u r t h e r  here. Current 
estimates indicate  t h a t  an electromagnetic-generator power-conversion system 
with a spec i f ic  m a s s  ape 
oped from present technology. With advanced technology, t h e  analysis  i n  r e f e r -  
ence 24 predicts  a s p e c i f i c  m a s s  of 1 . 4  kilograms per kilowatt .  This l a t t e r  es- 
timate i s  used herein t o  i l l u s t r a t e  t h e  e f f e c t  of power-conversion equipment on 
the  payload of a M a r s  o r b i t e r  vehicle w i t h  t h e  reference thrus tor .  
conversion spec i f ic  m a s s  a must be divided by t h e  thrus tor  eff ic iency,  so  
the  payload loss i s  subs tan t ia l ,  as shown i n  f igure  11. 

of about 6 . 3  kilograms per kilowatt  could be devel- 

The power- 

PC 

Because of t h e  subs tan t ia l  l o s s  i n  payload due t o  t h e  mass of the  power- 
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conversion system, advanced technology w i l l  be required if  e l e c t r i c  propulsion 
i s  t o  be a t t r ac t ive .  The analyses of references 25 and 26 indicate  t h a t  a spe- 
c i f i c  m a s s  of 0.5 kilogram per kilowatt  or l e s s  f o r  e lectrostat ic-generator  
power-conversion systems might be a t t a inab le  i n  t h e  fu ture .  From inspection of 
figure 9, it can be seen t h a t  power-conversion equipment t h a t  has a very low m a s s  
w i l l  be necessary for e l e c t r i c  propulsion systems intended f o r  M a r s  round t r i p s  
or  other d i f f i c u l t  missions. To end with a f i n a l  opt imist ic  remark, it may be 
possible t o  conceive and develop power-generation systems i n  which the  powerplant 
output voltage i s  d i r e c t l y  matched t o  the  th rus to r  so  t h a t  no power-conversion 
equipment i s  needed. The radioisotope electrogenerator described i n  reference 27 
i s  an example of such a powerplant design concept. 

Durabi l i ty  

Missions, such as Mars o rb i t e r s  and M a r s  round t r i p s  exhibited i n  f igures  1 
and 2, w i l l  r equi re  e l e c t r i c  t h rus to r s  capable of operating f o r  times up t o  1 or  
2 years. With the  exception of one component ( t h e  cathode), experimental da ta  
have provided adequate confidence i n  predict ing a du rab i l i t y  of 400 days f o r  t he  
reference thrus tor .  It i s  expected t h a t  r e l i a b i l i t y  problems w i l l  be solved by 
laboratory t e s t s  and space f l i g h t  t e s t s  such as those described i n  reference 28. 

Specif ic  Mass 

Existing e l e c t r o s t a t i c  t h rus to r s  a r e  a f fec ted  by ion sput te r ing  erosion, 
which l i m i t s  t h e  j e t  power per un i t  exhaust area f o r  a given durabi l i ty .  On t h e  
bas i s  of endurance t e s t s  ( re f .  29), it i s  possible  t o  estimate with confidence 
the  spec i f ic  m a s s  of t h e  reference th rus to r  f o r  d u r a b i l i t i e s  required by 
t h e  Mars o rb i t e r  and M a r s  round-trip missions. This estimate i s  shown i n  f i g -  
ure 1 2  and w a s  determined from t h e  ac tua l  m a s s  and t h e  exhaust j e t  power 
laboratory thrus tors .  This spec i f i c  m a s s  does not include allowance f o r  possible 
component additions associated with long-lived cathodes, but t h i s  is not expected 
t o  be a ser ious omission. By improved mechanical design, t h e  spec i f i c  m a s s  might 
be reduced t o  70 percent of t h e  values shown. 

o+h 

Pj of 

The e f f ec t  of t h e  reference th rus to r  spec i f ic  m a s s  on payload capacity i s  
shown i n  figures 13 and 1 4  f o r  t h e  Mars orb i t e r  and M a r s  round-trip missions, 
respect ively.  The reduction i n  payload capacity of t h e  M a r s  o rb i t e r  mission i s  
not as severe as t h a t  f o r  t h e  Mars round t r i p  because a l i g h t e r  powerplant i s  as- 
sumed f o r  t he  M a r s  round t r i p .  

It is  evident t h a t  ex i s t ing  e l e c t r o s t a t i c  th rus tors  would cons t i tu te  an un- 
desirably high f r a c t i o n  of the  ove ra l l  propulsion-system m a s s .  However, it is  
expected t h a t  t h e  spec i f i c  m a s s  of the e l e c t r o s t a t i c  t h rus to r  w i l l  be reduced i n  
t h e  fu ture  t o  a s m a l l  f r a c t i o n  of t h e  ove ra l l  propulsion-system spec i f i c  m a s s .  
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Size 

Although th rus to r  m a s s  is of grea te r  importance, t h rus to r  s i z e  may be a se-  
r ious  consideration, p a r t i c u l a r l y  i f  inordinate  s i z e  causes addi t iona l  vehicle- 
s t ruc tu re  m a s s  or problems i n  packaging far t h e  boost phase. I n  t h i s  l i g h t ,  it 
i s  of i n t e r e s t  t o  examine t h e  s i z e  of a reference th rus to r  m a y  f o r  a hypothet- 
i c a l  Mars o r b i t e r  vehic le  launched i n t o  o r b i t  about Earth with a booster about 
t h e  s i z e  of a Saturn-1. With such a booster, t h e  e l e c t r i c  space vehicle  would 
have an i n i t i a l  m a s s  MO of about 9000 kilograms. 

As a p a r t  of t h e  ana lys i s  leading firially t o  f igu re  13, it was necessary t o  
f i n d  t h e  optimum r a t i o  
t r i p  time. Optimization p l o t s  f o r  t h e  complete propulsion system ( t h e  bottom 
curve i n  f i g .  13) are  shown i n  f igu re  15 i n  terms of payload and powerplant power 
f o r  t h e  9000-kilogram vehicle.  I n  t h e  estimate of t h e  t h r u s t o r  spec i f i c  m a s s  
( f i g .  E), t h e  e f f ec t ive  j e t  power Pj,eff 
from t h e  t h r u s t o r  d u r a b i l i t y  data,  so  t h a t  t h e  number of t h rus to r  modules could 
be estimated. These r e s u l t s  a r e  also shown i n  f igu re  15. The reference th rus to r  
shown i n  f igu re  3 has an outer  diameter of 20 centimeters, s o  a close-packed 
a r r a y  of 400 th rus to r s  would have a diameter of about 4.2 meters. The diameter 
of t h e  Saturn-1 upper s tage  is  about 6.7 meters, s o  a f u l l y  assembled th rus to r  
a r r a y  could be packaged d i r e c t l y  ins ide  t h e  payload shroud. 

From t h i s  simple ana lys i s ,  it is apparent t h a t  ex i s t ing  e l e c t r o s t a t i c  thrus- 
t o r s  a r e  not excessively large.  It is  hoped t h a t  f u r t h e r  research and develop- 
ment will reduce them t o  even more convenient dimensions. 

P j , e f f / k  and t h e  optimum spec i f i c  impulse f o r  a given 

per  t h rus to r  module was  determined 

PRINCIPLES OF OPEEATION 

Elec t ros t a t i c  t h rus to r s  may be c l a s s i f i e d  i n t o  three  general  types:  (1) 
e lec t ron  bombardment, ( 2 )  contact ionizat ion,  and (3) co l lo ida l  pa r t i c l e .  All 
these  th rus to r s  operate with t h e  same bas ic  pr inc ip le ,  t h a t  is ,  t h e  acce lera t ion  
sf charged p a r t i c l e s  i n  an e l e c t r i c  f i e l d ,  as i l l u s t r a t e d  i n  sketch (a).  

f" -F 
Elect r ic  
power 
generat o r  
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Electrons removed from the  propel lant  p a r t i c l e s  a r e  drawn from t h e  high po ten t i a l  
charging chamber, o r  ionizer ,  by t h e  e l e c t r i c  powerplant and a r e  in jec ted  i n t o  
t h e  charged-particle exhaust. The charged p a r t i c l e s  merely f a l l  through t h e  po- 
t e n t i a l  difference t o  obtain t h e  desired exhaust veloci ty .  The e lec t rons  must be 
int imately mixed with the  exhaust beam t o  neut ra l ize  t h e  space charge. 

I n  the  electron-bombardment reference thrus tor ,  propellant atoms or mole- 
cules a re  ionized by e lec t ron  impact. A plasma r e s u l t s  i n  the  ion iza t ion  cham- 
ber .  The ions a re  extracted from the  plasma by v i r t u e  of t h e  e l e c t r i c  f i e l d  i n  
t h e  accelerator .  Propellants of i n t e r e s t  i n  present t h rus to r s  a r e  cesium, m e r -  
cury, and heavy molecules (mass greater than 200 amu). 

I n  the  contact-ionization th rus to r ,  atoms a r e  ionized by surface contact,  
evaporated, and accelerated by t h e  e l e c t r i c  f i e l d .  C e s i u m  is t h e  propel lant  of 
i n t e r e s t .  

The co l lo ida l -par t ic le  t h rus to r  is s t i l l  i n  a s t a t e  of basic  and applied r e -  
search. There a re  a number of schemes f o r  p a r t i c l e  generation and charging, 
which a r e  discussed i n  t h e  sec t ion ,  Col loidal-Part ic le  Thrustor Schemes. Propel- 
l a n t  m a s s  t o  charge r a t i o s  of l e s s  than 100,000 atomic m a s s  un i t s  per e lec t ronic  
charge a r e  of i n t e r e s t .  

Exhaust Beam Neutral izat ion 

It i s  e s s e n t i a l  that  t h e  charged-particle exhaust be neutral ized,  par t icu-  
l a r l y  s ince t h e  acce lera tor  i s  a t  or near space-charge-limited current  densi ty  
( r e f s .  30 and 31). 
would be a ser ious problem; however, e a r l y  experimental operation i n  vacuum fa- 
c i l i t i e s  indicated t h a t  t h e  exhaust beams were, i n  f a c t ,  neutral ized ( r e f .  3 2 ) .  
I n  experiments reported i n  reference 33, D r .  J. M. Sel len showed that  ion beams 
10 f e e t  long could be neutral ized under conditions tha t  c lose ly  simulated f r e e  
space. From these experiments, it appears t h a t  beam neut ra l iza t ion  will not be 
a fundamental problem. To obtain absolute  ve r i f i ca t ion ,  beam neut ra l iza t ion  w i l l  
be t e s t e d  i n  t h e  Ser t -1  space f l i g h t s  described i n  reference 28. 

Early t h e o r e t i c a l  analyses predicted t h a t  beam neut ra l iza t ion  

The remaining neut ra l iza t ion  problem appears t o  be t h e  development of du- 
r ab le  neut ra l izers .  The e lec t ron  emit ter  should be only a few v o l t s  below t h e  
p o t e n t i a l  of t h e  neutral ized beam. Because of space-charge-limited e lec t ron  cur- 
r en t ,  it i s  necessary t o  have a very shor t  dis tance between t h e  e lec t ron  emit ter  
and t h e  ion beam i f  t h e  e lec t ron  emit ter  is  t o  have a reasonably s m a l l  s ize .  If 
the  e lec t ron  emit ter  i s  d i r e c t l y  immersed i n  t h e  beam, it would soon spu t t e r  
away. Some shadow-shielded neu t r a l i ze r s  have been found t o  operate sa t i s f ac to -  
r i l y  ( r e f s .  34 and 3 5 ) ,  but adequate du rab i l i t y  has not been establ ished yet .  

E l e c t r o s t a t i c  Thrust 

I n  ea r ly  papers on e l e c t r o s t a t i c  propulsion, D r .  D. B. Langmuir c l e a r l y  
s t a t e d  t h e  pr inc ip les  of e l e c t r o s t a t i c  t h r u s t .  A s  shown i n  references 36 and 37, 
t h e  t h r u s t  per un i t  exhaust a rea  i s  d i r e c t l y  proportional t o  t h e  square of t h e  
acce lera tor  f i e l d  s t rength  EA ( see  sketch ( b ) )  (mks u n i t s  used throughout) 
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(b) 

Equation ( 7 )  only holds for space-charge-limited paraxia l  flow ( i . e . ,  Chi ld 's  
Law). It i s  of i n t e r e s t  t o  note t h a t  fo:? paraxia l  space-charge-limited current ,  
EA = (4/3)  (aA/L). If t h e  current densixy i s  l e s s  than t h e  space-charge-limited 
value, the  nonzero f i e l d  s t rength at the  ionizer  w i l l  produce a negative t h r u s t  
component. 

To prevent e lec t ron  backstreaming from t h e  neutral ized exhaust beam, t h e  
acce l  electrode must be a t  a p o t e n t i a l  below t h a t  of the  exhaust beam ( i .e . ,  
space poten t ia l )  as shown i n  sketch ( e ) .  

Accel  Decel e l ec t rode  

Rope 

Ion ize r  - 
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I n  r e a l  th rus tors ,  the decel  electrode can be omitted; i n  t h i s  case, a "virtual 
decel" equipotent ia l  will form downstream of t h e  electrode (ref. 1 2 ) .  Also, i n  
r e a l  th rus tors ,  t h e  space-charge flow is  not paraxial ,  so t h e  present analysis 
is idealized. With accel-decel, t h e  t h r u s t  per un i t  exhaust area is  ( re f .  11) 

E l e c t r i c  Bre&down Limits 

To obtain a reasonably high thrust per un i t  area, thrus tors  with atomic ion 
propellants m u s t  have very shor t  acce l  lengths.  
would be very desirable;  however, f r o m  a p r a c t i c a l  viewpoint it appears t h a t  
accel  lengths of a few mill imeters may be minimum values. Since Qnet is f ixed  
by t h e  ion mass t o  charge r a t i o  and t h e  desired exhaust veloci ty ,  it may be de- 
s i r a b l e  t o  operate t h e  acce l  e lectrode at  a p o t e n t i a l  much lower than t h a t  re- 
quired t o  prevent e lec t ron  backstreaming. Under these  conditions, an appropri- 
a t e  r e l a t i o n  i s  

I n  f a c t ,  submillimeter lengths 

For a f ixed acce l  length L and a specif ied net  accelerat ing voltage @net, t h e  
t h r u s t  per un i t  area may be increased by using high r a t i o s  of I n  an  
unpublished analysis,  J. H. Childs, NASA Lewis Research Center, has shown t h a t  
high-voltage breakdown might l i m i t  t h e  t h r u s t  densi ty  of e l e c t r o s t a t i c  th rus tors  
and t h a t  t h e  Cranberg r e l a t i o n  ( r e f .  38) might be used t o  e s t a b l i s h  such limits. 
When the  Cranberg re la t ion ,  QAEA = 1013, i s  used, the  expression for t h r u s t  den- 
s it y become s 

@A/anet. 

Exhaust J e t  Power Density 

Because t h e  f u l l  output of t h e  e l e c t r i c  powerplant i s  used throughout t h e  
mission, the  exhaust j e t  power densi ty  i s  a parameter of considerable i n t e r e s t .  
Equations ( 9 )  and (10) may be used t o  form the  following expressions for j e t  
power density:  

@A (space-charge l imi ted)  A = - -  P €0 1 

( electric-breakdown l imi ted)  (12) 
1 

A 
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These r e l a t ions  a r e  shown i n  f igu re  16 f o r  
v/gc and m/q. A l s o  shown a r e  some values of O n e t  f o r  t h e  more massive par- 
t i c l e s .  Several  qual i fying remarks are appropriate:  t h e  Cranberg r e l a t i o n  is  
an  approximate curve f i t t e d  t o  electric-breakdown data  obtained under good vacuum 
conditions,  while t h e  vacuum conditions i n  ex i s t ing  e l e c t r o s t a t i c  t h rus to r s  a r e  
not very good. The Cranberg r e l a t ion ,  however, is not an absolute l i m i t ;  
electric-breakdown l i m i t s  can be at  t h e  e lec t ron  field-emission l i m i t  (109 v/m) 
under i d e a l  conditions.  With such contradictory f ac to r s ,  it i s  not possible  t o  
s t a t e  f i r m l y t h e  power dens i ty  limits, s o  f igu re  16  must be used only as a guide 
pending b e t t e r  breakdown da ta  for t h rus to r s .  

OA/Qnet = 1.0, and f o r  a range of 

Programed Spec i f ic  Impulse 

The var iab le  spec i f i c  impulse program f o r  optimum t r a j e c t o r i e s  i l l u s t r a t e d  
i n  f igu re  4 provides maximum payload capaci ty  as shown i n  f igures  5 and 6. It i s  
of i n t e r e s t ,  therefore ,  t o  examine t h e  t h e o r e t i c a l  p o s s i b i l i t i e s  f o r  operating 
e l e c t r o s t a t i c  t h rus to r s  with such a programed spec i f i c  impulse. By inspect ion of 
f igures  5 and 6,  a nominal lower l i m i t  of spec i f i c  impulse of 4000 seconds i s  se-  
lected.  A n  upper l i m i t  of 40,000 seconds i s  assumed f o r  purposes of discussion. 
With t h i s  spec i f i c  impulse range, severa l  a l t e r n a t e  methods of obtaining a pro- 
gramed spec i f i c  impulse can be examined and compared. 

Net acce lera t ing  vol tages  f o r  a number of atomic ions a r e  shown i n  f i g -  
ure  17 .  The a l k a l i  atoms were chosen merely because of t h e i r  low ion iza t ion  po- 
t e n t i a l ,  and mercury is  included because of i t s  high m a s s .  From f igu re  1 7 ,  it 
is  evident t h a t  programed spec i f i c  impulse operation with any one of t h e  propel- 
l a n t s  would requi re  a very la rge  range of voltage output from t h e  power- 
conversion system, Furthermore, t h e  atomic ion  propel lants  with lower m a s s  have 
very low exhaust power dens i t i e s  as indicated by equation (11). If a s ing le  pro- 
pe l l an t  of those indicated i n  f igu re  1 7  were used, it would have t o  be mercury or 
cesium, both of which requi re  very high voltages a t  high spec i f ic  impulse. For 
example, a cesium propel lant  t h rus to r  would requi re  a range of voltages from 1000 
t o  100,000 vo l t s ,  which would c e r t a i n l y  r equ i r e  a heavy power-conversion system. 

The problem of l a rge  voltage range might be a l l ev ia t ed  by using a s e r i e s  of 
propel lants  i n  t h e  same th rus to r  as i l l u s t r a t e d  i n  f igu re  18. The lower voltage 
w a s  selected as t h a t  f o r  which a spec i f i c  impulse of 4000 seconds could be a t -  
ta ined  with mercury. The upper voltage was se lec ted  t o  provide a continuous spe- 
c i f i c  impulse t r a n s i t i o n  when switching from sodium t o  lithium; t h a t  i s ,  t h e  
l i thium curve i n  f igu re  18 in te rcepts  t h e  lower voltage a t  a of about 
21,400 seconds, and a t  t h i s  
which i s  chosen as t h e  upper voltage.  

v/gc 
v/g,, t h e  voltage f o r  sodium is about 5200 vo l t s ,  

The exhaust j e t  power densi ty  f o r  t h e  vol tage va r i a t ion  shown i n  f igu re  18 
i s  shown i n  figure 19 .  The t h e o r e t i c a l  exhaust power dens i t i e s  shown i n  f i g -  
ure  1 9  a r e  based on an acce l  length of 2 mil l imeters ,  which seems t o  be a prac- 
t i c a l  lower l i m i t .  OA/Onet, so a f ixed  value 
of @A/Qnet = 2 was assumed. The r a t i o  OA/Dnet was assumed constant, s ince 
ion  t r a j e c t o r i e s  might in te rcept  e lectrodes i f  the acce lera tor  po ten t i a l  f i e l d  
contours a r e  changed too  much. The exhaust power dens i t i e s  shown i n  f igu re  19 

The power dens i ty  increases with 
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vary from about 270 t o  28,000 ki lowatts  per square meter, so t h a t  t h e  smallest  
t h rus to r  module would requi re  an area of about 1/100 of t h e  t o t a l  t h rus to r  array.  
Other propellant combinations a r e  possible i f  t h e  upper voltage i s  raised.  The 
various combinations a r e  summarized i n  t h e  following t ab le :  

mope l l a n t  s 

Hg, Rb, K, N a ,  L i  

Hg, N a ,  L i  

Hg, N a  
- .- 

Lower 
voltage 

1580 

1580 

1580 

Upper 
voltage 

5,200 

14,000 

18,000 

Relative a rea  of 
smallest  module 

1/130 

1/3500 

1/6300 

As s t a t e d  i n  appendix B, f u l l  power should be used throughout t h e  f l i g h t  i f  
maximum payload i s  t o  be obtained. The minimum power dens i ty  i n  f igu re  1 9  occurs 
a t  t h e  lowest spec i f i c  impulse. The t o t a l  ion exhaust beam area  of t h e  a r r ay  of 
ion-thrustor modules i s  therefore  s e t  a t  t h i s  lowest spec i f i c  impulse. An excess 
of exhaust area is  ava i lab le  a t  higher impulses, s o  t h a t  t h e  mode of operation is  
not r i g i d l y  f ixed.  Operation at  constant perveance would r e s u l t  i n  a s m a l l  num- 
ber of operating modules a t  higher spec i f i c  impulses. A t  t h e  other extreme, con- 
s idera t ion  of charge-exchange erosion would ind ica te  that a l l  modules i n  t h e  
a r r ay  should be operated a t  reduced current dens i ty  (and perveance) a t  high spe- 
c i f i c  impulses. The th rus to r  modules i n  t h e  t o t a l  a r r ay  could be ind iv idua l ly  
control led or could be divided i n t o  control  groups. It appears t h a t  operation 
of atomic ion th rus to r s  with a progamed spec i f i c  impulse would e n t a i l  consider- 
ab le  complication i n  t h e  power conversion, t h e  controls ,  and the  propel lant  feed 
systems. This complication would probably increase t h e  spec i f i c  m a s s  of t h e  
ove ra l l  propulsion system and would undoubtedly decrease t h e  r e l i a b i l i t y  of t he  
system. 

Another possible  method f o r  t h rus to r  operation with a programed spec i f i c  i m -  
pulse i s  t h e  use of co l lo ida l  p a r t i c l e s  for propel lant .  In pr inc ip le ,  co l lo ida l  
p a r t i c l e s  might be generated i n  f l i g h t  with a control led s i z e  and m a s s  over a 
very la rge  range. From inspection of f igu res  1 6  and 17, t h e  Cranberg-relation 
l i m i t  i s  reached for p a r t i c l e s  with grea te r  than 200 atomic mass u n i t s  per e lec-  
t ron ic  charge f o r  the spec i f i c  impulse range of i n t e r e s t .  High power dens i t i e s  
a re  possible  with operation at  t h i s  l i m i t ;  however, as shown i n  f igu re  20, a con- 
s iderable  range i n  p a r t i c l e  m a s s  t o  charge r a t i o  i s  required f o r  t h e  s p e c i f i c  im-  
pulse range of 4000 t o  40,000 seconds. This range of p a r t i c l e  mass could be r e -  
duced somewhat by varying t h e  net acce lera t ing  voltage, but it seem probable 
tha t  a f ixed  value of One% would be preferable .  

The p a r t i c l e  m a s s  t o  charge r a t i o  and the exhaust jet power dens i ty  f o r  a 
600-kilovolt 10-centimeter t h rus to r  a r e  shown i n  f igu re  21. Because t h e  acce l  
length i s  not l imi ted  by p r a c t i c a l  considerations as in  t h e  atomic ion th rus to r ,  
t h e  t h e o r e t i c a l  power dens i t i e s  f o r  the co l lo ida l -pa r t i c l e  t h rus to r  a r e  about 
10 times grea te r  than those f o r  t h e  atomic ion th rus to r .  The ramif icat ions of 
t h i s  high power dens i ty  on th rus to r  spec i f i c  mass and s i z e  a r e  obvious; however, 
t h i s  imaginary th rus to r  could wel l  remain imaginary, s ince  t h e  m a s s  t o  charge 
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range includes t h e  unexplored region ly ing  between cur ren t ly  obtainable co l lo ida l  
p a r t i c l e s  and heavy molecules. 

The d i f f i c u l t i e s  with operation at  programed s p e c i f i c  impulse discussed 
herein have been given merely a cursory t h e o r e t i c a l  treatment.  It i s  l i k e l y  t h a t  
p r a c t i c a l  engineering problems w i l l  r u l e  out such operation i n  t h e  foreseeable  
fu ture .  A reasonable compromise may be an approximation t o  t h e  Irving-Blum spe- 
c i f i c  Impulse program. As shown i n  f igu re  4, t h e  high thrust occms i n  t h e  por- 
t i ons  of t h e  mission near t h e  Earth and t h e  other  planets .  The c e n t r a l  port ion 
of t he  he l iocent r ic  phase i s  at  such a high spec i f i c  impulse t h a t  it seems rea-  
sonable t o  expect t h a t  the impulse given t o  t h e  vehicle  i n  t h i s  port ion i s  s l i g h t  
compared with t h e  other  port ions.  For example, i n  f igu re  4, omission of t h e  
th rus t  program above a spec i f i c  impulse of 15,000 or 20,000 seconds would prob- 
ab ly  cause only a slight reduction i n  payload. From another viewpoint, t h e  cen- 
t r a l  port ion might be replaced with a constant spec i f i c  impulse a t  15,000 sec- 
onds, f o r  instance; t h e  propel lant  consumption i s  s o  s l i g h t  a t  these  spec i f i c  im-  
pulses t h a t  l i t t l e  payload should be l o s t .  A n  even more approxhate  program 
would be one wherein only two or t h ree  l eve l s  of constant spec i f i c  impulse would 
be used. Approximate spec i f i c  impulse programs such as these  have not been ana- 
lyzed yet ;  however, t h e  po ten t i a l  savings i n  th rus to r  performance and i n  t h e  spe- 
c i f i c  m a s s  and t h e  r e l i a b i l i t y  of power conversion, controls ,  and propellant feed 
systems provide j u s t i f i c a t i o n  f o r  such ana ly t i c  work. 

PRESENT STATUS 

The preceding sec t ions  have presented t h e  background of mission, system, and 
operat ional  problems aga ins t  which t h e  present s t a t u s  of e l e c t r o s t a t i c  t h rus to r s  
must be evaluated. The order i n  which t h e  th rus to r s  are reviewed is: (1) elec- 
t r o n  bombardment, ( 2 )  contact ionizat ion,  (3)  co l lo ida l  p a r t i c l e .  Pa r t i cu la r  
a t t e n t i o n  is given t o  t h e  th rus to r  components t h a t  are mainly responsible for 
performance shortcomings. 

Electron-Bombardment Thrustors 

A t y p i c a l  electron-bombardment th rus to r  is shown i n  f igu re  22. Energetic 
e lectrons,  contained by e l e c t r i c  and magnetic f i e l d s ,  a r e  used t o  ionize atoms i n  
t h i s  th rus tor .  
but previous electron-bombardment ion sources t h a t  produced su f f i c i en t  ion  cur- 
r e n t  t o  be of i n t e r e s t  f o r  e l e c t r i c  propulsion (such as ref. 39)  had current  den- 
s i t i e s  too  high t o  be t ransmit ted by p r a c t i c a l  acce le ra tor  systems. 
bution of references 1 2  and 40 was primari ly  an electron-bombardment ion source 
t h a t  matched t h e  current-densi ty  requirements of a long-lived e l e c t r o s t a t i c  ac- 
ce le ra tor  system operated i n  t h e  spec i f ic  impulse range of i n t e re s t .  

Production of ions by e lec t ron  bombardment i s  not a new concept, 

The cont r i -  

The performance of t h e  electron-bombardment th rus to r  obtained i n  t h e  i n i t i a l  
invest igat ions showed subs t an t i a l  advantages compared with other  ion th rus to r s  of 
t h a t  period ( r e f .  41). Because of these advantages, a sustained research program 
on t h i s  type of t h rus to r  has been conducted at Lewis .  More recent ly ,  contractual  
work with pr iva te  industry has augmented t h i s  work ( r e f s .  42 t o  44). 
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The propellant i n  t h e  electron-bombardment th rus to r  i s  vaporized and passes 
through t h e  d i s t r i b u t o r  i n t o  the ion chamber. I n  t h e  ion  chamber, t h e  propellant 
i s  bombarded by electrons from t h e  cathode. The co l l i s ions  of e lec t rons  with t h e  
propellant atoms axe enhanced by an a x i a l  magnetic f i e l d ,  which prevents t h e  
rap id  escape of e lectrons t o  t h e  anode. Escape of e lectrons t o  t h e  ends of t h e  
ion chamber i s  prevented by operating these  ends a t  t h e  same po ten t i a l  as t h e  
cathode. Some of t h e  propel lant  becomes ionized by t h e  bombardment of e lectrons,  
and some of these  ions arrive a t  t h e  screen and a r e  accelerated i n t o  t h e  ion 
beam. 
t rons  a t  t h e  w a l l s  of t h e  ion chamber.) 
22) then neut ra l izes  this  ion beam. As  is  t r u e  with all, e l e c t r o s t a t i c  t h rus to r s ,  
neut ra l iza t ion  requi res  both equal magnitudes of pos i t ive  and negative currents  
(current  neut ra l iza t ion)  and equal dens i t i e s  of both species  i n  t h e  e jec ted  beam 
(charge neut ra l iza t ion) .  

I 

(The ions t h a t  are not accelerated i n t o  t h e  ion beam recombine with e lec-  
An e lec t ron  source (not  shown i n  f i g .  

The problem areas  of t h i s  type of t h rus to r  can be divided i n t o  those of t h e  
ion chamber, t h e  magnetic f i e l d ,  t h e  cathode, the acce lera tor ,  and t h e  neutral-  
i ze r .  These problem areas  a r e  discussed i n  t h i s  order i n  t h e  following sect ions.  

Ion chamber. - Following t h e  i n i t i a l  invest igat ions of references 1 2  and 40, 
an extended inves t iga t ion  was conducted t o  determine optimum ion-chamber geometry 
( r e f .  45). 
a length approximately equal t o  t h e  diameter, where the  anode length i s  nearly 
equal t o  t h e  ion-chamber length.  Some optimization of d i s t r i b u t o r  design was 
found desirable  for each combination of current dens i ty  and spec i f i c  impulse. 
The ion chamber w a s  otherwise found t o  be in sens i t i ve  t o  s m a l l  changes i n  geome- 
t r y ;  a f t e r  extended t e s t ing ,  t he  optimum geometry did not d i f f e r  g rea t ly  from t h e  
bes t  geometry reported i n  reference 40. W i t h  a good geometry and mercury as the  
propel lant ,  t he  discharge power i s  equivalent t o  about 500 e lec t ron  v o l t s  per 
beam ion a t  80-percent propel lant  u t i l i z a t i o n .  The energy per beam ion is  ap- 
proximately the  anode current mult ipl ied by t h e  anode t o  cathode po ten t i a l  d i f -  
ference,  or more accurately,  t h e  difference between t h e  anode and t h e  ion beam 
currents  should be used as t h e  current .  A t  very l o w  u t i l i z a t i o n  e f f ic iency  ( 0  
t o  40 percent) ,  t h i s  energy drops t o  about 300 e lec t ron  v o l t s  per beam ion; a t  
90 percent,  it r i s e s  t o  about 800 e lec t ron  vo l t s  per beam ion. 
is required t o  obtain t h i s  l e v e l  of .performance, but it has been obtained many 
times,  and frequent ly  exceeded. I n  addi t ion  t o  changing t h e  propellant-  
d i s t r i b u t o r  design, t h e  acce lera tor  geometry m a y  a l s o  have t o  be changed; t h i s  
i s  discussed i n  t h e  sect ion,  Accelerator. 

The optimum geometry w a s  found t o  be a cy l ind r i ca l  ion chamber with 

Some development 

The standard dperating condition f o r  references 12 ,  40, and 45 was with a 
50-volt po ten t i a l  difference between t h e  anode and t h e  cathode i n  t h e  ion cham- 
ber.  This po ten t i a l  difference r e su l t ed  i n  5 t o  10 percent of t h e  ions leaving 
t h e  ion chamber being doubly ionized, which would correspond to a thrust loss of 
1 1~ t o  3 percent and an e f f ic iency  l o s s  of 3 t o  6 percent (ref. 46). Dropping t h e  

ion-chamber po ten t i a l  difference t o  30 v o l t s  had l i t t l e  e f f ec t  on t h e  discharge 
energy per beam ion, but  t h e  percent of doubly ionized ions w a s  found t o  decrease 
t o  2 t o  5 percent. This reduction i n  po ten t i a l  difference effected a bene f i c i a l  
reduction i n  cathode sput ter ing.  

Cesium has been invest igated as a propel lant  f o r  an electron-bombardment 
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t h rus to r  designed by R. C. Speiser of Electro-Optical Systems, Inc. ( ref .  42). 
( A  photograph of t h i s  t h r u s t o r  is shown i n  f i g .  23 . )  
t h i s  t h rus to r  ind ica te  t h a t  a somewhat lower discharge energy per beam ion can 
be expected with cesium as t h e  propel lant  (about 400 ev/ion a t  80-percent u t i l i -  
zation, and 600 ev/ion at 90 percent).  Even with t h e  lower discharge power, t h e  
lower atomic weight (and therefore  lower 
engine e f f i c i enc ie s  unless  addi t iona l  power savings w e r e  made elsewhere. 
addi t iona l  power savings a r e  possible  ( see  t h e  sec t ion ,  Cathode). 

The r e s u l t s  obtained with 

of cesium would r e s u l t  i n  lower 
Such 

Some improvement i n  ion-chamber performance might be obtained through ion- 
chamber acce lera tor  i n t e rac t ions ,  as is discussed i n  t h e  sect ion,  Accelerator. 
It is  f e l t ,  though, t h a t  near-optimum geometry has a l ready been obtained f o r  t h e  
ion chamber and t h a t  f u r t h e r  improvements would be s m a l l  and d i f f i c u l t  t o  
achieve. From examination of laminar plasma theory,  fu r the r  increases i n  ion- 
chamber performance might be expected t o  s t e m  from increases  i n  magnetic f i e l d  
s t rength.  The experimental resu l t s ,  however, do not support t h i s  conclusion. 
The va r i a t ion  of ion-chamber discharge losses  (per  beam ion)  as a funct ion of 
magnetic f i e l d  s t r eng th  is  shown i n  reference 45 f o r  a pa r t i cu la r  configuration 
and reproduced i n  f igu re  24. The losses  do drop off  with increasing f i e l d  
s t rength  a t  low values of t h e  la t ter ,  but a c r i t i c a l  f i e l d  s t rength i s  soon 
reached where f u r t h e r  loss  reductions become negl igible .  Analysis of t h e  various 
l o s s  mechanisms leads t o  t h e  conclusion t h a t  high-energy electrons must be escap- 
ing t o  t h e  anode before imparting most of t h e i r  energy t o  t h e  ion iza t ion  process. 

Although t h e  inves t iga t ion  of reference 47 was conducted with a plasma 
source, t h e  r e s u l t s  a r e  believed t o  be qua l i t a t ive ly  appl icable  t o  an electron-  
bombardment th rus to r .  As  shown i n  f igu re  25(a) ( taken from r e f .  47), f o r  con- 
s t a n t  propellant flow and discharge conditions,  t h e  ion  production as indicated 
by t h e  ion number densi ty ,  first increases with magnetic f i e l d  strength.  A t  some 
point ,  t h e  ion dens i ty  s tops increasing with magnetic f i e l d  and remains nearly 
constant, similar t o  t h e  r e s u l t s  shown i n  f i g u r e  24. Noise measurements a l s o  
made i n  reference 47 show a rap id  increase i n  ion-chamber noise as t h e  magnetic 
f i e l d  is  increased beyond t h i s  e l - i t i ca l  point .  Although t h e  noise measurements 
of figure 25(b) were ac tua l lymade  somewhat downstream of t h e  source, other meas- 
urements made i n  t h e  inves t iga t ion  of reference 47 ind ica te  that t h e  noise ampli- 
tude is about twice as l a rge  ins ide  t h e  ion chamber. The present i n t e rp re t a t ion  
of these  r e s u l t s  is  t h a t  t r a n s i t i o n  from a laminar t o  a turbulent  plasma starts 
t o  occur where t h e  ion  production s tops increasing (ref, 48). 
t ions ,  or e l e c t r i c  waves, i n  a plasma can be j u s t  as e f f ec t ive  i n  a id ing  d i f fu -  
s ion of e lec t rons  across  a magnetic f i e l d  as co l l i s ions  with individual  p a r t i -  
c les .  Further increases  i n  magnetic f i e l d  s t rength  thus serve t o  increase t h e  
turbulence l e v e l  but not t h e  e lec t ron  containment. 

Turbulent f luc tua-  

An inves t iga t ion  conducted by t h e  NASA J e t  Propulsion Laboratory with an 
electron-bombardment th rus to r  of t h e  design shown i n  f igu re  26 i s  reported i n  
reference 49. I n  t h i s  invest igat ion,  conducted with mercury as t h e  propel lant ,  
t he  e lec t ron  population i n  t h e  ion  chamber was  found t o  consis t  of a high-energy 
group with an upper energy corresponding t o  about t h e  t o t a l  anode t o  cathode po- 
t e n t i a l  difference; a low-energy near-Maxwellfan group with a mean energy some- 
what below t h e  exc i t a t ion  poten t ia l .  
only a s ing le  Maxwellian population was found ( r e f .  42). 
plasma s t a t e  can be explained i n  terms of two competlng processes f o r  e lectrons 

With cesium as t h e  propel lant ,  -however, 
This difference i n  
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leaving t h e  cathode. These processes axe energy loss due t o  i n e l a s t i c  co l l i s ions  
with atoms (and some ions)  and energy l o s s  due t o  coulomb col l i s ions  with low- 
energy electrons.  The invest igat ion with mercury was conducted with a 40-volt 
discharge. Comparison of cross sect ions and number dens i t ies  indicates  that  in- 
e l a s t i c  c o l l i s i o n s  with atoms a r e  severa l  times as ef fec t ive  as coulomb c o l l i -  
s ions f o r  slowing down the  electrons from t h e  cathode. Although other  f a c t o r s  
a l s o  contributed t o  the  e lec t ron  population change with cesium, t h e  most impor- 
t a n t  f a c t o r  was t h e  lower discharge p o t e n t i a l  difference ( 6  t o  1 2  v ) .  The low- 
ered energy of e lectrons from t h e  cathode r e s u l t s  i n  more than an order of magni- 
tude increase i n  coulomb cross sect ion.  The time f o r  these high-velocity elec- 
t rons  t o  lose  energy (and become indistinguishable from t h e  low-energy group) is  
grea t ly  reduced by t h i s  change i n  cross section. Therefore, t h e  i n a b i l i t y  t o  de- 
t e c t  a high-velocity group i n  reference 42 i s  not surpr is ing.  Although operation 
with mercury i s  not e f f i c i e n t  below about a 30-volt discharge, an e s s e n t i a l l y  
Maxwellian d i s t r i b u t i o n  was  a l s o  found i n  reference 49 at 20 v o l t s .  

No  problems were encountered concerning d u r a b i l i t y  i n  t h e  ion chamber (with 
t h e  exception of t h e  cathode, which i s  t r e a t e d  i n  a separate sec t ion)  even though 
mater ia l  as t h i n  as 0.010 or 0.015 inch was used f o r  various par t s .  

Magnetic f i e l d .  - The problem t h a t  has been associated w i t h  t h e  magnetic 
f i e l d  i n  t h e  past  has been a compromise between weight and power. Solenoidal 
windings on research thrus tors ,  where weight is  unimportant, can be qui te  heavy 
and have correspondingly low power losses .  Such windings may weigh as much as 
10 pounds f o r  a thrus tor  with a 10-centimeter-diameter beam and have only a 50- 
w a t t  power loss .  On t h e  other hand, a f l ight- type t h r u s t o r  may have a f i e l d  
winding tha t  weighs only 1 pound, but a power requirement of 200 w a t t s .  

A recent paper ( r e f .  14)  ind ica tes  a so lu t ion  t o  t h e  power-weight problem. 
The permanent-magnet design invest igated i n  reference 1 4  has a m i l d  s t e e l  d i s -  
t r i b u t o r  p l a t e  and screen, with permanent magnets positioned between t h e  two 
(see f i g .  3 ) .  As shown i n  reference 45, ion-chamber performance i s  improved when 
t h e  f i e l d  s t rength a t  t h e  screen i s  l e s s  than t h a t  a t  t h e  d i s t r i b u t o r .  The d i s -  
p a r i t y  i n  s izes  of t h e  two pole pieces ( d i s t r i b u t o r  and screen) shown i n  f igure  3 
i s  one means of obtaining this  difference i n  f i e l d  strength.  

Except t ha t  no f i e l d  power was required, t h e  permanent-magnet electron- 
bombardment t h r u s t o r  operated i n  a normal manner. 
c l ing,  conducted since reference 14  was published, have resu l ted  i n  no s i g n i f i -  
cant change i n  magnetic f i e l d  s t rength.  The only adverse r e s u l t s  a r e  a lack of 
f l e x i b i l i t y ,  which is  of i n t e r e s t  mainly i n  research, and decreased thermal 
s t r u c t u r a l  s tab i l i ty  of the  mild s t e e l  screen compared with the  molybdenum screen 
it replaced. More carefu l  design f o r  thermal expansion e f f e c t s  should be an ade- 
quate solut ion t o  t h e  s t r u c t u r a l  s t a b i l i t y  problem. 

Extended operation and cy- 

One of t h e  most important v i r t u e s  of t h e  permanent-magnet design of r e f e r -  
ence 1 4  is  i t s  low weight. The to ta l 'weight  of t h e  permanent-magnet th rus tor  i s  
1 .4  kilograms, which i s  almost exact ly  t h e  weight of a f l ight- type thrus tor  of 
t h e  same s i z e  (10 cm-diam. beam) t h a t  employed a high-loss low-weight solenoidal 
winding. 
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Cathode. - Both power and l i f e t ime  problems are associated with t h e  cathode. 
The e a r l y  electron-bombardment th rus to r  experiments at Lewis were conducted with 
tantalum and occasionally tungsten cathodes. Although pure tantalum has severe 
power and d u r a b i l i t y  problems, it is very easy t o  use and gives reproducible r e -  
s u l t s .  A desired l i f e t i m e  with tantalum i s  achieved simply by supplying suffi- 
c i en t  cathode material t o  of fse t  sublimation and erosion. From tests with t a n t a -  
l u m  strips at  Lewis (ref. 5 0 ) ,  it appears possible  t o  use tantalum f o r  a t t i t u d e -  
control  t h rus to r s  where t h e  a c t u a l  operat ing time m a y  only be 1000 t o  2000 hours, 
and ef f ic iency  i s  not of primary Importance. 
an t ic ipa ted  lifetimes of perhaps 10,000 hours, tantalum cathodes are out of t h e  
question. Tungsten, with electron-emission cha rac t e r i s t i c s  similar t o  tantalum, 
would a l so  be unacceptable. 

For main propulsion s y s t e m  with 

A more promising type of cathode uses a lka l ine-ear th  carbonates i n  a com- 
pos i t e  s t ruc tu re  with a chemically i n e r t  metal. 
matrix t o  hold more of t h e  emit ter  material than could be applied with j u s t  a 
coating on t h e  outer  surface.  A nickel-matrix cathode present ly  under develop- 
ment by Ton Physics Corporation was operated i n  t h e  electron-bombardment th rus to r  
of t h e i r  design ( f i g .  26) f o r  periods up t o  300 hours (ref.  43). Invest igat ions 
have been conducted a t  Lewis with another type of metal-matrix cathode. One t e s t  
a t  Lewis i n  a simulated th rus to r  (a  complete th rus to r  except f o r  t h e  acce lera tor )  
had a durat ion of more than 1600 hours. 
going from about 15 t o  30 w a t t s  per  emitted ampere a t  t h e  end of 1600 hours. The 
performance obtained t o  date  ind ica tes  t h a t  good e f f i c i ency  f o r  a 10,000-hour 
l i f e  may be within t h e  state of t h e  art  f o r  t h i s  type of cathode. 

The metal  provides a s t r u c t u r a l  

The heater  power increased with time, 

Another type of cathode t o  be considered is  t h e  autocathode, which i s  under 
development by Electro-Optical  Systems, Inc. i n  conjunction with t h e  electron-  
bombardment th rus to r  of t h e i r  design ( f ig .  2 3 ) .  When t h e  cesium propel lant  is  
used t o  provide a low work funct ion surface and ion bombardment (from t h e  sur- 
rounding plasma) f o r  heating, a long-lived cathode is obtained t h a t  requires  no 
ex terna l  heating power. A t y p i c a l  autocathode from reference 42 is  shown i n  
sketch ( a ) .  

Cesium 
propellant 

-/- ,Heater (used 
only fo r  s t a r t u p )  

Ion 
chamber 
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The ion-chamber poten t ia l  difference with cesium as t h e  propellant can be suffi- 
c i e n t l y  low so t h a t  cathode sput te r ing  i s  not a problem, and t h e  temperature of 
a cesium-coated cathode can be s o  low that sublimation of t h e  base m e t a l  should 
be negligible.  Thus, t h e r e  should be no major obstacle  t o  t h e  attainment of a 
10,000-hour l i fe t ime,  o r  even longer, with t h i s  type of cathode. The only short-  
coming associated with t h e  use of the autocathode is t h e  increased charge- 
exchange cross sect ion of cesium, whlch a f f e c t s  accelerator  d u r a b i l i t y  (see t h e  
sect ion,  Accelerator). 

The ion chamber, t h e  magnetic f i e l d ,  and t h e  cathode, t h e  major sources of 
losses  i n  a well-designed electron-bombardment thrus tor ,  have now been discussed. 
For a fair  estimate of t h e  performance that  can be expected, with mercury as t h e  
propel lant ,  an  electron emitter loss of 20 watts per emitted ampere, a 30-volt 
ion-chamber discharge, and t h e  discharge losses  quoted i n  t h e  section, - Ion 
chamber, may be used. A n  addi t iona l  1-percent j e t  t h r u s t  loss  may be assumed for 
impingement and off-axis ve loc i ty  effects .  The performance calculated with these  
assumptions was presented i n  reference 13, and i s  shown i n  f igure  27. A t rade-  
off can be made between ion-chamber and propel lan t -u t i l i za t ion  losses .  The op- 
t i m u m  u t i l i z a t i o n  (for eff ic iency)  i s  shown i n  f igure  27. Although a minimum 
power t o  t h r u s t  r a t i o  of about 100 kilowatts per pound is shown i n  f igure  27, 
operation below about 4000 seconds is  d i f f i c u l t  because of accelerator  current-  
dens i ty  l imitat ions.  A power t o  t h r u s t  r a t i o  of about 150 kilowatts per pound 
would therefore  be a more r e a l i s t i c  lower l i m i t .  Similar calculat ions were made 
for cesium as t h e  propellant.  The assumptions were t h e  same, except t h a t  the  
lower discharge losses  of cesium were used and a 20-volt discharge was assumed. 
A s m a l l  cathode power loss of 5 watts per emitted ampere w a s  assumed s o  t ha t  
b e t t e r  control of the  discharge could be obtained than w i t h  an autocathode. The 
optimum eff ic iency obtained w i t h  cesium was about 1 percent higher than t h a t  
shown i n  f igure  27, and t h e  optimum u t i l i z a t i o n  was a l s o  increased 1 t o  2 percent 
over t h a t  of f igure  27. 

Accelerator. - The problem posed by t h e  accelerator  i s  primarily one of du- 
r a b i l i t y .  A thorough study of accelerator  configurations f o r  t h e  electron- 
bombardment thrus tor  w a s  conducted a t  Lewis and i s  presented i n  reference 51. A s  
shown i n  reference 51, operation well  below space-charge l imi ta t ions  w i t h  a care- 
f u l l y  a l ined accelerator  system can r e s u l t  i n  impingement currents  t h a t  a r e  es- 
s e n t i a l l y  due t o  charge exchange alone. Later t e s t s  a t  Lewis ( r e f .  29) have 
v e r i f i e d  t h i s  conclusion. ( W i t h  mercury as t h e  propellant,  t h e  ion-impingement 
and accelerator-drain currents  a r e  subs tan t ia l ly  equal. Therefore, t h e  measure- 
ment of ion impingement with mercury i s  much simpler than  with cesium.) 

A s  shown i n  reference 29, t h e  accelerat ing system of ex is t ing  10-centimeter- 
diameter-beam thrus tors  should last 10,000 hours a t  a s p e c i f i c  impulse of 
4000 seconds and a propellant u t i l i z a t i o n  of 76 percent, i f  t h e  current of mer- 
cury ions does not exceed about 0.13 ampere. This l i fe t ime corresponds t o  a 
t o t a l  ion impingement of 3.3 ampere-hours, which is  s u f f i c i e n t  t o  erode through 
t h e  thinnest  sections of the  accelerator.  The var ia t ion  of l i fe t ime E with 
ion beam current JB and propellant u t i l i z a t i o n  VU i s  of t h e  form 
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when charge exchange is assumed t o  be t h e  primary cause of accelerator  impinge- 
ment. The e f f ec t  of spec i f i c  impulse on l i f e t ime  is a l s o  of i n t e re s t ;  however, 
s ince d i f f e ren t  combinations of net acce lera t ing  po ten t i a l  difference O n e t  and 
propel lant  u t i l i z a t i o n  can y i e ld  t h e  same spec i f i c  impulse, t h e  ion energy (and 
hence sput te r ing  damage) does not have a unique r e l a t i o n  with spec i f i c  impulse. 
I n  order t o  obtain a working r e l a t i o n  f o r  t h e  e f f e c t  of spec i f i c  impulse, near- 
optimum u t i l i z a t i o n  e f f i c i enc ie s  a r e  assumed, as shown i n  f igu re  27. The l i fe -  
time propor t iona l i ty  thereby obtained i s  

Using t h e  l i f e t ime  da ta  at  4000 seconds from reference 29 f o r  a 10-centimeter- 
diameter-beam th rus to r  allows t h e  determination of a constant of propor t iona l i ty .  
The maximum ion current  f o r  t h i s  s i z e  th rus to r  i s  thus 

where @ is the  l i f e t i m e  i n  days. This equation, together  with a s ing le  module 
weight of 1 . 4  kilograms was used t o  ca lcu la te  t h e  weight and s i z e  f igu res  f o r  t h e  
electron-bombardment th rus to r  shown i n  t h e  sect ion,  THRUSTOR PERFORMANCE ( f i g s .  
1 2  and 15, respec t ive ly) .  
ing t h e  ion beam current  t o  a s m a l l  enough value. 
bombardment th rus to r ,  unl ike t h a t  of a contact-ionization thrus tor ,  is  not a 
function of current  densi ty .  
dens i ty  i s  t h e  increased s i ze ,  and hence weight, of t h e  thrus tor .  

Any desired l i f e t ime  can be obtained simply by reduc- 
The ef f ic iency  of an electron-  

The only adverse e f f e c t  of lowering t h e  ion current  

The e f f e c t  on t h e  acce lera tor  l i fe t ime of changing t h e  propellant t o  cesium 
can be determined by comparing charge-exchange cross sect ions and atom t o  ion 
sput te r ing  r a t i o s  f o r  cesium and mercury ( r e f s .  29, 52, and 53). The charge- 
exchange cross sec t ion  f o r  cesium i s  two t o  th ree  times as la rge  as t h a t  f o r  mer- 
cury. The e f f e c t  of t h e  l a rge r  charge-exchange cross sect ion f o r  cesium, though, 
i s  almost balanced by a reduced sput te r ing  (using molybdenum f o r  bo th) .  If these  
two f ac to r s  a re  assumed t o  balance, t he  only e f f e c t  l e f t  would be t h a t  of charge 
t o  m a s s  r a t i o .  For t h e  same accelerator  spacing, t h e  exhaust j e t  power dens i ty  
with cesium would only be 0.44 of t h a t  with mercury ( see  eq. ( 9 ) ) .  As w a s  shown 
i n  the  sect ion,  THRUSTOR PERFORMANCE, t h e  th rus to r  weight can be a l a rge  f r a c t i o n  
of t o t a l  vehicle  weight, and a 50-percent increase might cause considerable d i f -  
f i c u l t y .  Since the  acce lera t ion  voltage f o r  a given spec i f i c  impulse w i l l  be 
l e s s  with cesium, c loser  acce lera tor  spacings presumably might be obtained with 
cesium and thus lead t o  reduced charge-exchange impingement. But t h e  th rus to r  
weight is  grea tes t  a t  low spec i f i c  impulses, where t h e  same minimum p r a c t i c a l  ac- 
ce le ra tor  spacing w i l l  probably be used f o r  both cesium and mercury. 
though t h e  use of cesium gives t h e  bes t  prospects of a long-lived cathode, it 
will probably cause subs t an t i a l  increases i n  th rus to r  weight a t  l o w  spec i f i c  im- 
pulses. 

Thus, a l -  

The f ina l  topic f o r  t h e  accelerator  sec t ion  concerns t h e  in t e rac t ion  with 
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the  ion chamber. Using data f o r  the  various accelerator  configurations inves t i -  
gated i n  reference 5 1  shows subs tan t ia l  e f f e c t s  of accelerator  configuration on 
ion-chamber performance. I n  general, t h e  greater  t h e  percentage open area i n  t h e  
screen, t h e  thinner  the  screen; or t h e  greater  t h e  accelerat ing p o t e n t i a l  d i f f e r -  
ence, t h e  lower t h e  ion-chamber discharge power that  will be required. One as- 
pect is  c e r t a i n l y  t h e  l o s s  of ions due t o  c o l l i s i o n  on t h e  screen. Changing t h e  
var iables  i n  t h e  d i rec t ion  indicated wi l l  tend t o  reduce these co l l i s ions .  It is  
d i f f i c u l t ,  though, t o  explain a l l  t h e  observed interact ions i n  terms of ion- 
screen co l l i s ions .  The e l e c t r i c  f i e l d  from t h e  accelerator  system apparently can 
influence ion motion i n  a subs tan t ia l  port ion of t h e  ion chamber. Far more, f o r  
example, than would be indicated by a calculat ion of Debye shielding distance 
(less than 0.1"). I n  any event, t h e  accelerator  configuration can have a sub- 
s t a n t i a l  e f f e c t  on ion-chamber performance. This e f f e c t  should be considered 
when optimum performance i s  desired.  

Neutralizer.  - The neut ra l izer  poses a special ,  though not insurmountable, 
problem with an electron-bombardment thrus tor .  The edge of the  ion beam from an 
electron-bombardment thrus tor  is  generally d i f f i c u l t  t o  define s ince t h e  ion beam 
current densi ty  usually decreases rap id ly  near t h e  outer edge of t h e  beam. Sim- 
p ly  bringing t h e  neut ra l izer  up t o  t h e  edge of t h e  beam is ,  therefore ,  unsat is-  
fac tory  f o r  a long-lived neutral izer  - e i t h e r  because of poor perveance (from t h e  
neut ra l izer  t o  t h e  beam), ion impingement, or both. A shielded neutral izer  
placed well  within the  beam would be more sa t i s fac tory .  The shielding can be ac- 
complished e i t h e r  by covering some of t h e  holes i n  t h e  accelerator  system, or by 
placing a heavy sh ie ld  immediately upstream of t h e  neutral izer .  Both shielding 
methods were used together i n  an invest igat ion reported i n  reference 34. An es- 
timated l i f e  of 25 hours w a s  obtained for one of t h e  shielded configurations in-  
vestigated.  This short  l i fe t ime was probably t h e  r e s u l t  of charge-exchange ions 
formed near t h e  neut ra l izer .  Since t h e  p o t e n t i a l  difference between t h e  neutral-  
i z e r  and t h e  exhaust beam plasma was over 50 v o l t s  f o r  t h i s  configuration, these 
charge-exchange ions were s u f f i c i e n t l y  energetic t o  cause considerable sput ter ing 
erosion. A b e t t e r  shielded neut ra l izer  design, with only a 10- t o  '20-volt poten- 
t i a l  difference between it and t h e  beam, should have no t rouble  reaching any de- 
s i r e d  l i fe t ime.  

Contact - Ioni  z a t  ion Thrust or s 

The basic  concepts of t h e  contact-ionization thrus tor  were f i rs t  presented 
i n  excellent papers by D r .  E. Stuhlinger i n  1954 ( r e f s .  54 and 55).  Since t h e  
beginning of ac t ive  experimental work on e l e c t r i c  th rus tors  i n  1957-58, a major 
share of e lec t r ic - thrus tor  research and development has been devoted t o  t h e  
contact-ionization thrus tor .  

The c e n t r a l  dis t inguishing fea ture  of t h i s  thrus tor  is the  method of ioniza- 
t i o n  of propellant atoms. Stuhlinger noted tha t  a l k a l i  m e t a l  atoms such as 
cesium could be ionized w i t h  high probabi l i ty  on surfaces with high work func- 
t i o n s  such as tungsten, and then could be accelerated w i t h  an e l e c t r o s t a t i c  f i e l d  
as i l l u s t r a t e d  i n  sketch ( e ) .  
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The ear ly  work on t h e  contact-ionization process by Langmuir, Becker, and others  
showed t h a t  t h e  cesium-tungsten system provided ionizat ion probabi l i t i es  as high 
as 99 percent. I n  order t o  preserve t h e  high work function, however, it was 
n e c e s s a r y t o  allow only a s m a l l  f r a c t i o n  of a cesium monolayer on t h e  tungsten 
surface. This was  accomplished by maintaining t h e  tungsten surface a t  a high 
temperature (1300' t o  1500° K ) .  

The high temperature causes a considerable thermal rad ia t ion  l o s s ,  thereby 
reducing t h e  thrus tor  e f f ic iency  (by increasing t h e  power 
t i o n  ( 6 ) .  To obtain a reasonable eff ic iency,  a high ion beam power per un i t  area 
must be at ta ined.  
be l imited by minimum p r a c t i c a l  accel  distances.  For a f ixed accel  distance,  ce- 
sium provides a higher exhaust beam power densi ty  than t h e  other a l k a l i  metal 
atoms by v i r tue  of i t s  higher atomic m a s s .  

9) as shown by equa- 

I n  equation (11) it was shown t h a t  ion beam power densi ty  may 

For t h e  reasons of highest ionizat ion probabi l i ty  and highest  beam power 
density, t h e  cesium-tungsten system has been generally accepted as t h e  bes t  f o r  
the  contact-ionization thrustor .  From such opt imist ic  beginnings, contact- 
ionizat ion thrus tors  have progressed through much research and development and 
stand today as near ly  flight-worthy devices. 

A contact-ionization thrus tor  is  under development a t  Electro-Optical Sys- 
tems, Inc. 
ences 56 t o  61, and a photograph of one of t h e  design versions is  shown i n  f i g -  
ure 28. Another concept of contact-ionization thrus tors  i s  under development a t  
Hughes Research Laboratories, Inc. The progress and performance of t h i s  th rus tor  
a r e  described i n  references 62 t o  66, and a photograph of one of t h e  design ver- 
sions is shown i n  figure 29. Since both of these  thrus tors  have t h e  cesium- 
tungsten system and a r e  based on other common fundamentals, they  w i l l  be d is -  

The progress and performance of t h i s  th rus tor  a r e  described i n  r e f e r -  
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cussed concurrently herein.  

General design. - The EOS (Electro-Optical  Systems, Inc . )  and Hughes (Hughes 
Research Laboratories,  Inc . )  t h rus to r s  both have porous-tungsten ion izers .  By 
v i r t u e  of i t s  own vapor pressure,  cesium di f fuses  through t h e  pores of t h e  ion- 
i z e r  and i s  ionized predominately by contact on t h e  "downstream" face  of t h e  ion- 
i z e r  as i l l u s t r a t e d  i n  sketch ( f ) .  

Porous - Accel Decel 
tungsten electrode electrode 
ionizer  

/ 

Cesi 
vapo 

$/ Neutralizing 
e lec t rons  

The cesium ions are then accelerated by t h e  electrodes shown. The cesium ions 
a r e  s ing ly  charged, s o  t h e i r  f i n a l  speed is uniform. 

The major power l o s s  i n  these  th rus to r s  is due t o  thermal r ad ia t ion  from t h e  
ionizer .  Conduction heat  loss has been minimized, and t h e  "upstream" s ide  of t h e  
ionizer  and propel lant  feed manifolds a r e  wel l  insu la ted  t o  minimize thermal ra; 
d i a t ion  l o s s  i n  t h a t  d i rec t ion .  The acce l  length has been made as shor t  as pres- 
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e n t l y  possible  and is a few mil l imeters  i n  both t h e  EOS and Hughes th rus to r s .  
The ion beam power dens i ty  i s  inverse ly  proport ional  t o  t h e  square of t h e  acce l  
dis tance (eq. (11)). High beam dens i ty  i s  p a r t i c u l a r l y  important i n  contact-  
ion iza t ion  th rus to r s  because t h e  beam power dens i ty  must be large with respect  t o  
t h e  thermal r ad ia t ion  l o s s  i n  order t o  obtain reasonable e f f i c i enc ie s  ( see  appen- 
dix B) 

where &/A i s  t h e  thermal r ad ia t ion  loss per u n i t  ion izer  area and j i s  t h e  
ion current  densi ty .  Equation (16)  i s  only approximate; exact expressions are 
given i n  reference 18 f o r  a number of ana ly t ic  space-chargh flow geometries. 

As shown i n  f igu res  28 and 29, t h e  EOS th rus to r  cons is t s  of an a r r ay  of ion- 
i z e r  buttons and c i r cu la r  exhaust aper tures ,  while t h e  Hughes th rus to r  cons is t s  
of concentric annular ion izers  and exhaust aper tures .  Both t h e  th rus to r s  have 
conca7te ionizer  surfaces ,  but have d i f f e ren t  e lectrode shapes. The neu t r a l i ze r  
designs a r e  a l s o  d i f f e ren t .  

Ion opt ics .  - With t h e  use of ion t r a j e c t o r y  focusing at  t h e  ion izer ,  both 
t h e  EOS and Hughes th rus to r s  a r e  believed t o  have s a t i s f a c t o r y  ion optics.  I n  
both th rus to r s ,  t h e  ion beam is focused s o  t h a t  t h e  edge of t h e  beam is a f i n i t e  
dis tance from t h e  acce l  and decel  e lectrodes.  The Hughes th rus to r  e lectrodes 
have been designed with an e lec t ro ly t ic - tank  analog computer, which includes 
simulation of space charge. Ion t r a j e c t o r i e s  obtained from t h i s  computer c l e a r l y  
show t h a t  e lectrode systems can be designed i n  such a way that a space e x i s t s  be- 
tween t h e  beam edge and t h e  electrodes.  This conclusion is independently sup- 
ported by t h e  space-charge-flow so lu t ions  obtained with a' d i g i t a l  computer f o r  an 
electrode configuration similar t o  those of t h e  Hughes and EOS th rus to r s  ( r e f .  
67). 

Direct impingement of primary ions i s  masked by impingement of charge- 
exchange ions and by e lec t ron  emission from t h e  acce l  electrode. 
i n  t h e  acce l  e lectrode may be as high as 15 percent of t he  ion beam current at 
ion current dens i t i e s  of 250 amperes per  square meter ( r e f .  67 ) .  
r e t i c a l  ana lys i s  ( r e f .  68) shows t h a t  electron-emission currents  from t h e  acce l  
e lectrode m a y  be very high f r ac t ions  of t h e  cesium ion  current.  Neutral cesium 
atoms from t h e  ionizer  can form a layer  on t h e  acce l  electrode, thereby producing 
a low work funct ion surface and r e su l t i ng  i n  high electron-emission currents .  
The ana lys i s  pred ic t s  t h a t  e i t h e r  cooling or heat ing t h e  acce l  e lectrode a few 
hundred degrees Kelvin w i l l  reduce t h e  electron-emission current  t o  a negl igible  
leve l .  

Drain currents  

A recent  theo- 

Analog and d i g i t a l  computer solut ions ind ica te  t h a t  departure from space- 
charge-limited flow m a y  r e s u l t  i n  excessive over-focusing of t h e  ion beam, r e -  
s u l t i n g  i n  subs t an t i a l  d i r e c t  ion  impingement on t h e  electrodes.  This e f f e c t  i s  
of pa r t i cu la r  consequence when th rus to r s  a r e  operated at  off-design spec i f i c  im-  
pulse as discussed i n  t h e  sect ion,  Performance s t a tus .  

D ig i t a l  computer so lu t ions  of space-charge-flow geometries similar t o  t h e  
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EOS and Hughes th rus to r s  showtha t  a considerable va r i a t ion  of ion current den- 
s i t y  may occur across t h e  ion izer  surface if t h e  current i s  space-charge l imi ted  
everywhere a t  t h e  emit ter  (ref. 6 7 ) .  This va r i a t ion  i n  current densi ty  i s  due t o  
t h e  presence of t h e  open exhaust aper ture  and t h e  design d i f f i c u l t i e s  of acceler-  
a to r  geometries with high perveance. If r e a l  t h rus to r s  were operated with such 
current  densi ty  p ro f i l e s ,  t h e  cesium flow r a t e  through t h e  porous ionizer  would 
have t o  be ca re fu l ly  control led a t  each point on t h e  ionizer .  Flow cont ro l  by 
va r i a t ion  i n  porous-ionizer thickness appears t o  be a formidable f ab r i ca t ion  
problem because of t h e  s m a l l  s i z e  of t h e  ionizer .  A n  a l t e r n a t i v e  so lu t ion  of 
t h i s  problem i s  t h e  use of uniform cesium flow across t h e  ionizer ,  which would 
r e s u l t  i n  la rge  port ions of t h e  acce lera tor  operating a t  l e s s  than space-charge- 
l imi ted  current .  This, i n  turn ,  would r e s u l t  i n  a subs t an t i a l ly  reduced exhaust 
power density.  

Charge exchange. - The exchange of charge between primary ions and neu t r a l  
Al- atoms w a s  recognized as a ser ious problem i n  ea r ly  papers (e.g. , r e f .  56). 

though t h e  cesium-tungsten system has a very low emission r a t e  of neut ra l  cesium 
atoms under idea l  conditions,  t h e  neu t r a l  atom emission i s  not negl igible  i n  r e a l  
th rus tors ;  t h i s  w i l l  be disc.ussed i n  t h e  sect ion,  Ionizer .  With an appreciable 
concentration of neu t r a l  cesium atoms, excessive sput te r ing  erosion of t h e  acce l  
e lectrode can occw as i l l u s t r a t e d  i n  sketch ( g ) .  
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ion t r a j e c t o r y  

The neut ra l  cesium atom exchanges charge with a primary ion. The charge-exchange 
ion is  formed i n  a pos i t ion  i n  t h e  po ten t i a l  f i e l d  such t h a t  it m a y  f a l l  i n t o  t h e  
acce l  electrode. Recent r e s u l t s  from an e l e c t r o l y t i c  analog computer show that  
only a port ion of t h e  accel-decel volume w i l l  contr ibute  t o  charge-exchange im- 
pingement on the  acce l  e lectrode ( r e f .  44). 
exchange in te rcept ion  f o r  a p a r t i c u l a r  e lectrode configuration i s  shown i n  f i g -  
ure  30. 

The region t h a t  produces charge- 

A s  pointed out i n  rei'erences 29, 52, and 56, t h e  sput te r ing  erosion of t h e  
acce l  e lectrode w i l l  be a funct ion of t h e  ion  type, t h e  ion energy, t h e  electrode 
mater ia l ,  t h e  volume of charge-exchange region, t h e  neu t r a l  atom concentration, 
and t h e  atom t o  ion  charge-exchange cross sec t ion  
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where E i s  t h e  d u r a b i l i t y  l i f e t ime ,  CI is  t h e  charge-exchange cross sect ion,  
vu is t h e  u t i l i z a t i o n  e f f ic iency ,  j is t h e  primary ion  current  density,  V is  

atoms per ion. 
clude a de ta i l ed  in t eg ra t ion  throughout t h e  volume V ( r e f .  52).  

. t h e  volume of t h e  charge-exchange region, and Y is  t h e  spu t t e r ing  y i e ld  i n  
Equation (17 )  is only approximate; an exact expression would in- 

Since t h e  d u r a b i l i t y  of contact- ionizat ion th rus to r s  has not been f u l l y  es- 
tabl ished,  it i s  of i n t e r e s t  t o  estimate t h e  d u r a b i l i t y  of t h e i r  acce l  e lectrodes 
on t h e  bas i s  of t h e  da ta  of reference 29. If it i s  assumed t h a t  equal acce l  
e lectrode du rab i l i t y  i s  required,  t h a t  t h e  volumes of t h e  charge-exchange region 
and t h e  acce lera tor  designs a r e  t h e  same, t h a t  
( r e f .  29),  and t h a t  

oHg = 6x10-15 square centimeter 
ocS = 2 ~ 1 0 ‘ ~ ~  square centimeter ( r e f .  52),  then 

From reference 29, YHg = 1.5  atoms per ion f o r  5000 e l ec t ron  v o l t s  of s ing ly  
charged mercury ions incident  on molybdenum. 
electrodes because sput tered atoms of copper cannot contaminate t h e  ionizer  ( the  
melting point of copper i s  l e s s  than t h e  ion izer  operating temperature). 
reference 52, Ycs = 6 atoms per ion f o r  5000 e lec t ron  v o l t s  of s ing ly  charged 
cesium ions incident  on copper. 

The EOS t h rus to r  has copper acce l  

From 

For t h e  same acce l  p o t e n t i a l  @A 

With t h i s  expression, it is possible  t o  estimate t h e  comparative performance of 
t h e  contact-ionization th rus to r  and t h e  reference electron-bombardment th rus to r  
previously described. 

The du rab i l i t y  of t h e  electron-bombardment th rus to r  shown i n  f i g u r e  1 2  i s  
l imi ted  by the  current  dens i ty  a t  t h e  center  of t h e  acce l  e lectrode p l a t e ,  which 
i s  about t h ree  times t h e  average current  dens i ty  of t h e  module. 
correct ion,  it i s  possible  t o  make a rough estimate of t h e  allowable exhaust j e t  
power densi ty  of a comparable contact- ionizat ion thrus tor .  The r e s u l t s  of t h i s  
estimate a r e  shown i n  f igu re  31 f o r  an acce l  e lectrode d u r a b i l i t y  of 400 days. 
It was  assumed t h a t  Y and Ycs a r e  proport ional  t o  @i-7. If beryllium or 
aluminum could be used for t h e  acce l  e lectrode i n  t h e  contact-ionization thrus-  
t o r ,  it might be possible  t o  double t h e  power dens i t i e s  shown i n  f igu re  31. 
low power dens i t i e s  shown i n  f igu re  31 could have a se r ious ly  adverse e f f ec t  on 
th rus to r  s i z e  and spec i f i c  mass. An even worse consequence exists with regard t o  
th rus to r  eff ic iency,  which is discussed i n  t h e  sec t ion ,  Eff ic iency l imi ta t ions  
due t o  charge exchange. 

By applying t h i s  

Hg 

The 
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It should be noted that  the  calculat ions presented i n  f igu re  31 a r e  merely 
estimates and a r e  subject  t o  t h e  aGcuracy of t h e  assumptions; however, inspect ion 
of equation ( 1 7 )  shows that  t h e  allowable current  dens i ty  is inversely propor- 
t i o n a l t o  the  square root  of t h e  charge-exchange cross sect ion,  t h e  charge- 
exchange region volume, and t h e  sput te r ing  yield.  This r e l a t i o n  tends t o  reduce 
t h e  s e n s i t i v i t y  of t h e  value of allowable current densi ty  t o  e r ro r s  i n  t h e  other  
parameters. For t h i s  reason, t h e  estimate shown i n  f igu re  31 is  reasonably ac- 
curate.  

Ionizer.  - From t h e  b r i e f  and very approximate discussion and calculat ions 

This i s ,  of 
regarding charge exchange it i s  abundantly c l ea r  t h a t  low neut ra l  atom concentra- 
t i o n  is an e s s e n t i a l  requirement f o r  contact- ionizat ion thrus tors .  
course, barr ing some new design concept t h a t  might ameliorate t h e  sput ter ing-  
erosion problem. Since t h e  ionizer  i s  t h e  source of neut ra l  cesium atoms, it is 
appropriate t o  examine t h e  status of t h i s  component i n  d e t a i l .  

Because of t h e  charge-exchange problem, t h e  porous ion izer  has been ac- 
cepted, i n  general, as being superior t o  s o l i d  ion izers  (with a reverse  flow of 
f r e sh  neut ra l  atoms passing through t h e  ion beam). In porous ion izers ,  t h e  ce- 
sium vapor flows through t h e  ion izer  pores by both Knudsen flow and surface d i f -  
fusion. If t h e  flow r a t e  due t o  surface d i f fus ion  i s  grea te r  than t h a t  due t o  
Knudsen flow near t he  pore e x i t ,  t h e  predominant f r a c t i o n  of t h e  cesium w i l l  flow 
onto t h e  downstream face  of t h e  ionizer  as i l l u s t r a t e d  i n  sketch ( h ) .  

Surface d i f fus ion  

Cross sect ion End view 

Theoret ical  analyses of t h i s  model of flow and ioniza t ion  have predicted the  need 
f o r  submicron pore diameters a t  high ion current  dens i t i e s  ( r e f s .  69 t o  7 1 ) .  Ex- 
perimental data on t h e  neu t r a l  atom e f f lux  from s m a l l  samples (5-mn diam.) show 
that  neut ra l  e f f lux  increases  as ion current  i s  increased ( r e f s .  72 t o  76) .  Typ- 
i c a l  data  i s  shown i n  f igu re  32, taken from reference 74, f o r  a pore s i z e  of 
about 2 microns and a pore densi ty  of lo6 per square centimeter. Porous ion izers  
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with these cha rac t e r i s t i c s  a r e  commercially ava i lab le .  

Experimental data  r ecen t ly  obtained a p p e k s  t o  ( r e f .  75) confirm t h e  need 
f o r  small pore s ize .  Tungsten ion izers  made from spher ica l  powder, and others  
made from wire bundles, were compared with 5-millimeter-diameter commercial 
porous-tungsten samples with 2-micron pore diameter and 2x106 pores per square 
centimeter. Photomicrographs of these  ion izers  are shown i n  figure 33. The 
spherical-powder porous-tungsten ionizer  has s l i t - l i k e  pores r a the r  than t h e  
roughly c i r cu la r  pores i n  t h e  commercial sample. The wire bundle ionizer  was 
made from 6-micron-diameter tungsten wire and has three-cornered pores with con- 
cave s ides  (sharp cusps a t  corners),  except f o r  frequent la rge  pores due t o  im- 
per fec t  winding and swaging. The neut ra l  atom e f f lux  from these  ion izers  is  
shown i n  figure 34. It i s  evident t h a t  t h e  narrow pores of t h e  spherical-powder 
tungsten ion izers  provide a lower neut ra l  atom f rac t ion .  

To obtain s a t i s f a c t o r i l y  low neu t r a l  atom f lux ,  t h e  pore s i z e  must be 
smaller than present ly  obtainable and t h e  pore dens i ty  (number per un i t  a r ea )  
m u s t  be high, t h a t  is, grea te r  than 3x106 per square centimeter (ref.  74)- It is 
presumed t h a t  t h e  use of small-diameter tungsten powder would provide these  re- 
quirements; however, it appears that with small powder diameters, t h e  porous ion- 
i z e r s  continue t o  s i n t e r  a t  t h e  ionizer  operating temperature. This s in t e r ing  
f i l l s  up t h e  pores and increases t h e  densi ty  of t h e  ion izer ,  which r e s u l t s  i n  in -  
creased neu t r a l  atom e f f lux  and might eventual ly  r e s u l t  i n  cracking because of 
t h e  reduction i n  volume. Ty-pical data on s i n t e r i n g  i s  shown i n  f igu re  35 ( r e f .  
77) .  
shut during t h e  l i f e t imes  required f o r  space f l i g h t .  The temperatures shown i n  
figure 35 are severa l  hundred degrees Kelvin above those ac tua l ly  needed f o r  
operation i n  th rus to r s ,  but it i s  c l ea r  t h a t  i n - f l i gh t  s in t e r ing  i s  a ser ious 
problem . 

It is evident t h a t  tungsten ionizers  with s m a l l  powder diameters may s i n t e r  

In  addi t ion  t o  t h e  e f f ec t  on long-term ionizer  s in t e r ing ,  t h e  ion izer  tem- 
perature  is a l s o  of grea t  importance t o  th rus to r  e f f ic iency  because thermal r ad i -  
a t i o n  from t h e  ionizer  cons t i tu tes  t h e  major power loss. I n  e a r l y  work on con- 
t a c t  ionizat ion,  it was found t h a t  below a c e r t a i n  c r i t i c a l  temperature mostly 
neut ra l  atoms a r e  evaporated from t h e  surface,  while above t h i s  temperature 
mostly ions a r e  emitted. 
emit ters ,  although t h e  ion t o  atom emission does not change as sharply as f o r  
s o l i d  surfaces.  The e f f e c t  of ionizer  temperature on ion current densi ty  and 
neu t r a l  atom f r a c t i o n  i s  exhibited by t y p i c a l  da ta  from reference 75 shown i n  
f igu re  36. Neutral atom e f f lux  minimizes a t  about 1460' K, which i s  t h e  neu t r a l  
atom f r a c t i o n  c r i t i c a l  temperature, while t h e  ion c r i t i c a l  temperature occurs a t  
about 1360° K i n  f igu re  36. Operation a t  minimal neu t r a l  atom f l u x  would in-  
crease t h e  thermal r ad ia t ion  l o s s  by 37 percent i n  this case. The data i n  refer- 
ence 74 suggests t h a t  smaller pore s i z e  and increased pore densi ty  could reduce 
t h e  c r i t i c a l  temperatures f o r  ion current and neu t r a l  a*om f rac t ion .  This is 
supported by t h e  t h e o r e t i c a l  analyses of references 69 t o  71. 

A similar c r i t i c a l  temperature i s  found f o r  porous 

Because of nonuniform poros i ty  i n  porous ionizers ,  pa r t i cu la r  t h rus to r s  may 
have a nonuniform current  densi ty  across t h e  ion izer  surface.  It is evident t h a t  
t h e  ionizer  must be operated a t  a temperature high enough t o  accommodate t h e  
highest  l o c a l  current  density.  Typical neu t r a l  atom f r a c t i o n  c r i t i c a l  tempera- 
t u re s  given i n  reference 75 f o r  spherical-powder tungsten ion izers  a r e  shown i n  
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f igure  37. If the average current densi ty  were 60 amperes per square meter and 
a peak exis ted at 180 amperes per square meter, the increase i n  ionizer  tempera- 
t u r e  required t o  prevent high neut ra l  atom e f f l u x  from t h e  high current spot 
would r e s u l t  i n  a 25-percent increase i n  thermal rad ia t ion  lo s s .  

Efficiency l imi ta t ions  due t o  charge exchange. - Charge exchange has been 
shown t o  l i m i t  the  current densi ty  because of electrode erosion. Although t h e  
analysis  has been approximate, it is  possible t o  estimate t h e  maximum t h r u s t o r  
e f f ic iency  on t h e  bas i s  of ex is t ing  porous-tungsten charac te r i s t ics .  

L i m i t s  of cesium ion current densi ty  calculated from equation ( 1 9 )  are shown 
i n  f igure  38 as a function of neut ra l  atom f r a c t i o n  f o r  a range of accel  poten- 
t i a l s .  These calculat ions a r e  based on a comparison with t h e  reference thrus tor  
and on a 2-millimeter acce l  length and copper electrodes f o r  t h e  hypothetical  
contact-ionization thrus tor .  Also shown i n  f igure  38 a r e  t h e  neut ra l  atom f rac-  
t i o n s  f o r  the  spherical-powder ionizers  reported i n  reference 75. The in te rcepts  
of t h e  current densi ty  l i m i t s  and the  ionizer  data  a r e  shown i n  f i g u r e  39 as CUT- 

r e n t  densi ty  as a function of acce l  voltage. Also shown i n  f igure  39 a r e  space- 
charge-limited current dens i t ies  calculated from Child's Law f o r  a range of acce l  
distances.  The basic  curve is f o r  a 2-millimeter acce l  length; f o r  t h e  other 
acce l  lengths,  the  current densi ty  w a s  corrected f o r  the  change i n  t h e  volume of 
t h e  region producing charge-exchange intercept ion as defined i n  equation ( 1 7 ) .  

The emittance of porous ionizers  may be subject  t o  surface conditions ( r e f .  
7 4 ) ;  so  an average value of 0 .5  w a s  assumed herein. The heat l o s s  i s  assumed t o  
be thermal rad ia t ion  from t h e  downstream face  of t h e  ionizer.  With a l l  these  
assumptions, f igures  3 7  and 39 may be used t o  estimate a hypothetical  th rus tor  
e f f ic iency  (see  eqs. (5)  and ( 1 6 ) ) .  The r e s u l t s  of t h i s  estimate a r e  shown i n  
f igure  40(a) together with the a c t u a l  e f f ic iency  of t h e  ex is t ing  electron- 
bombardment thrus tor .  It i s  apparent that  electrode erosion may ser ious ly  l i m i t  
the  e f f ic iency  of t h e  contact-ionization thrus tor .  

The estimated e f f ic ienc ies  shown i n  f igure  40(a) a r e  f o r  contact-ionization 
thrus tors  w i t h  a s ing le  s e t  of acce l  electrodes.  If t h e  acce l  electrodes could 
be replaced en route  (by means of r e l i a b l e ,  lightweight mechanisms), then t h e  
allowable current densi ty  could be increased (from inspection of eq. 
estimated e f f i c i e n c i e s  of contact-ionization t h r u s t o r s  with multiple s e t s  of 
electrodes a r e  shown i n  f igures  40(b) and ( e ) .  
was assumed t h a t  t h e  acce l  electrode dimensions were t h e  same as those of the  
reference thrustor .  Based on t h i s  estimate, electrodes would have t o  be replaced 
about four times en route  t o  provide e f f ic ienc ies  equal t o  or b e t t e r  than t h e  
ex is t ing  reference electron-bombardment thrus tor .  

( 1 7 ) ) .  The 

I n  preparing these estimates,  it 

Performance s t a t u s .  - A t  present,  contact-ionization thrus tors  are not ea- 
pable of operating with a wide-range programed s p e c i f i c  impulse without unaccept- 
ab le  loss  i n  e f f ic iency  and d u r a b i l i t y  o r  unacceptable increase i n  s p e c i f i c  m a s s .  
This i s  primarily due t o  l imi ta t ions  i n  current densi ty  caused by electrode ero- 
sion. Considerable reduction i n  neut ra l  atom e f f l u x  from porous ionizers  could 
a l l e v i a t e  t h i s  s i t u a t i o n ,  or perhaps a new accelerator  design concept could r e -  
duce t h e  charge-exchange ion impingement on t h e  acce l  electrode. It is a l s o  pos- 
s i b l e  t h a t  new thrus tor  design concepts could reduce t h e  thermal rad ia t ion  loss .  
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Another problem i s  t h a t  of operation a t  off-design spec i f i c  impulse. From f i g -  
ure  39 it can be seen t h a t  t h e  th rus to r s  would operate a t  a decreasing f r a c t i o n  
of space-charge-limited current  (e.g., Child 's  Law) as spec i f i c  impulse is in-  
creased. This would cause changes i n  t h e  primary-ion t r a j e c t o r i e s ,  possibly re -  
s u l t i n g  i n  ser ious electrode erosion from primary-ion impingement. 

The EOS and Hughes th rus to r  e f f i c i enc ie s  reported i n  reference 78 are shown 
i n  f igu re  41. These e f f i c i e n c i e s  a r e  experimentally measured maximums and a r e  
not necessar i ly  compatible with t h e  du rab i l i t y  requirements of in te rp lane tary  
missions.  Electrode erosion, ionizer  plugging, ion izer  cracking, and ionizer  
contamination a r e  a l l  f a c t o r s  t h a t  might reduce t h e  allowable ion  current densi ty  
and thereby reduce t h e  eff ic iency.  

The net acce lera t ing  voltages of t h e  cesium contact-ionization th rus to r s  a r e  
not much l e s s  than those required by mercury propel lant  t h rus to r s .  It m a y  be ex- 
pected t h a t  power conversion w i l l  be j u s t  as much a problem f o r  both types of 
th rus tors .  

The d u r a b i l i t y  of contact- ionizat ion th rus to r s  has entered s t rongly i n t o  t h e  
preceding discussions of charge-exchange and ion izer  cha rac t e r i s t i c s .  With 
ex is t ing  porous-tungsten ionizers ,  it appears t h a t  contact-ionization th rus to r s  
must l i m i t  t h e i r  performance i n  order t o  have s u f f i c i e n t  du rab i l i t y  of t h e  acce l  
electrode. With regard t o  t h e  d u r a b i l i t y  of ion izers ,  severa l  porous-tungsten 
ionizers  with 2- t o  4-micron pores have been operated a t  1440' K f o r  more than 
1 year (ref.  74). The ion izers  with t h e  4-micron pore s i z e  appear t o  have r e -  
ta ined  s t a b i l i t y  over t h i s  time, but t h e  ion izers  with t h e  2-micron pore s i z e  
have suffered subs t an t i a l  inereases  i n  flow transmission coef f ic ien t .  It is pos- 
s i b l e  t h a t  t h i s  increased flow may indica te  t h e  presence of microcracks t h a t  a r e  
caused by reduction i n  volume due t o  s in te r ing .  With in su f f i c i en t  data  a t  hand, 
it is  not possible  t o  evaluate t h e  present d u r a b i l i t y  of contact-ionization 
th rus to r s ,  much l e s s  t h e i r  r e l i a b i l i t y .  

The exhaust power dens i ty  of contact- ionizat ion th rus to r s  may be estimated 
from the  l imi t ing  current  dens i t i e s  shown i n  f igu re  39. The r e s u l t s  of t h i s  
estimate a r e  shown i n  f igu re  42 f o r  two acce l  lengths;  power dens i t i e s  a r e  a l s o  
shown for t h e  ex i s t ing  reference th rus to r  and f o r  a hypothet ical  e lectron-  
bombardment th rus to r  with a uniform current-densi ty  p ro f i l e .  
Hughes th rus to r  a t  present is  about 1 . 8 2  kilograms, and i t s  exhaust area is about 
0.0015 square meter. The current-density l imi t a t ions  shown i n  f igu re  39 may be 
used together with t h i s  m a s s  t o  estimate t h e  s p e c i f i c  m a s s  of a hypothet ical  
contact-ionization th rus to r  f o r  a 400-day durabi l i ty .  This estimate i s  shown i n  
f igu re  43. It must be pointed out t h a t  t h e  Hughes th rus to r  i s  s t i l l  under devel- 
opment and has not yet  been designed f o r  minimum m a s s ;  however, even with ad- 
vanced designs, spec i f i c  m a s s  w i l l  remain a problem f o r  contact-ionization thrus- 
t o r s  unless very low neu t r a l  atom f r ac t ions  can be achieved. 

The m a s s  of t h e  

Colloidal-Particle-Thrustor Schemes 

Colloidal-par t ic le  t h rus to r s  do not e x i s t  a t  present.  Devices have been 
operated i n  which co l lo ida l  p a r t i c l e s  are generated, charged, and accelerated; 
but these  are experiments, not th rus tors .  Hence, t h e  purpose of t h i s  sec t ion  is  
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t o  review and evaluate past  experimental work on co l lo ida l -par t ic le - thrus tor  com- 
ponent s . 

Par t i c l e  generation. - For operation over a wide range of spec i f i c  impulse 
a t  a f ixed  net acce lera t ing  voltage,  t h e  p a r t i c l e  m a s s  t o  charge r a t i o  m u s t  
cover a wiae range a l so .  The m/q range shown i n  figure 2 1  is typical ;  a t  
v/gc = 4000 seconds, m/q = 75,000 atomic m a s s  u n i t s  per  e lec t ronic  charge and a t  
v/gc = 20,000 seconds, m/q = 3000 atomic m a s s  u n i t s  per e lec t ronic  charge. 
t h e  net accelerat ing voltage were increased from 600,000 t o  6,000,000 vo l t s ,  t h e  
m a s s  t o  charge r a t i o  would be increased only by a f a c t o r  of 10. A number of 
par t ic le-generat ion schemes are present ly  being invest igated.  The m i n F "  mean 
m/q , which has been obtained experimentally with each of these  methods, is  

If 

l i s t e d  
i n  t h e  following table : 

- 

Method 

Ion nucleation 

Preformed (agglomerated) sol id  

Liquid drops from sprays 

Surface condensation 

Vapor condensat ion 

Minimum mean 
nass t o  charge r a t i o ,  

mu/electronic  charge 
m/q, 

1,400,000 

950,000 

480,000 

700,000 

100,000 

Reference 

79 

80 

81,82,83,84 

85 

86,87 

If a spec i f i c  impulse of 5000 seconds with a net acce lera t ing  po ten t i a l  d i f fer-  
ence of l e s s  than 100 k i lovo l t s  i s  considered, then  t h e  maximum usable 
should be about 8000 atomic m a s s  u n i t s  per  e lec t ronic  charge. Even if t h e  poten- 
t i a l  difference were r a i sed  t o  l o6  vol t s ,  t h e  maximum usable 
than t h e  values shown i n  t h e  preceding tab le .  Although work i n  t h i s  f i e l d  has 
been going on f o r  severa l  years,  t h e  t o t a l  research e f f o r t  has been s m a l l .  Re- 
search i s  continuing on each of t h e  aforementioned methods i n  an e f f o r t  t o  pro- 
vide the  proper m/q range with good p rope l l an t -u t i l i za t ion  eff ic iency.  

m/q 

m/q would be l e s s  

Ion nucleation. - I n  the ion-nucleation method of reference 79, a super- 
sa tura ted  vapor stream i s  p a r t i a l l y  ionized. The ions a r e  intended t o  be conden- 
sa t ion  nuclei .  
enough time f o r  p a r t i c l e  growth. m/q 
would pass over t h e  r e t a rd ing  po ten t i a l  difference,  so  t h a t  a supply of p a r t i c l e s  
with uniform m/q would r e s u l t .  This method is  s t i l l  i n  t h e  basic  research 
stage.  

Applying a re ta rd ing  e l e c t r i c  f i e l d  slows t h e  nuclei  t o  provide 
Charged p a r t i c l e s  with a la rge  enough 

Preformed p a r t i c l e s .  - Preformed solid p a r t i c l e s  with a mean s i z e  of 70 ang- 
stroms have been gravity-fed through ducts t o  an electron-bombardment ion iza t ion  
chamber, ionized, accelerated,  and analyzed f o r  charge t o  m a s s  r a t i o  d i s t r i b u t i o n  
( r e f .  80). The p a r t i c l e s  were i n i t i a l l y  agglomerated, and remain agglomerated 
through t h e  charging process; however, t h e  m a s s  t o  charge r a t i o  w a s  only about a 
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decade too high, so t h i s  experiment provides some evidence t h a t  t h e  use of pre- 
formed s o l i d  p a r t i c l e s  might be possible. 

E l e c t r i c  spraying. - A major share of t h e  co l lo ida l -par t ic le  th rus tor  r e -  
search has been devoted t o  p a r t i c l e  generation and simultaneous charging of elec- 
t r i c a l l y  sprayed l i q u i d  droplets.  
sharp hollow needle points  ( r e f s .  81 t o  84) o r  a t  t h e  sharp edge of a spinning 
cup (ref. 88) with a high e l e c t r i c  f i e l d  at  t h e  point or edge. Drop formation 
occurs by a combination of f l u i d  i n s t a b i l i t y  and dielectrophoresis  ( r e f s .  8 1  
and 8 2 ) .  Charging occurs at t h e  ins tan t  of separat ion from t h e  t i p  by charge 
t r a n s f e r  . 

The drops are formed and charged e i t h e r  a t  

The e l e c t r i c  f i e l d  s t rength  must be high a t  t h e  t i p  i n  order t o  obtain s m a l l  
If t h e  f i e l d  s t rength is too  high, a glow discharge occurs t h a t  gen- drop sizes. 

e r a t e s  a l u g e  ion current.  This ion  current m a y  cause a ser ious power loss  i n  
t h e  accelerator .  Recent experiments have shown t h a t  t h e  electr ic-spraying 
process may be sporadic ( ref .  83). 
s i z e  charged drops a r e  emitted. 
charged drop is emitted accompanied by many ions. 
c a l l y  r e p e t i t i v e .  

A t  f i rs t ,  t h e  l i q u i d  t i p  i s  sharp, and s m a l l  
Then t h e  l i q u i d  t i p  bui lds  up, and a very la rge  

These sequences a r e  sporadi- 
These data  a l s o  show a very wide range of m/q. 

The high-speed photomicrographic data of reference 83 indicates  t h a t  i f  t h e  
l i q u i d  i s  conducting t h e  e l e c t r i c  f i e l d  penetrates t h e  bulging l i q u i d  drop a t  t h e  
t i p  and thus prevents t h e  formation of s m a l l  drops. If the  l i q u i d  i s  nonconduct- 
ing, t h e  high f i e l d  s t rength  i s  preserved, but a s u b s t a n t i a l  time i s  required t o  
accumulate a charge i n  t h e  l i q u i d  t i p .  
l i m i t s  the  m a s s  flow r a t e  of l i q u i d  from each hollow needle; f o r  example, a maxi- 
mum current of lmicroampere per needle is quoted i n  reference 82. If t h e  net  
accelerat ing voltage were 106 v o l t s ,  there  would be 1 w a t t  of th rus tor  exhaust 
power per needle. 
power densi ty  of 100 ki lowatts  per square meter is required i n  order t o  compete 
with t h e  reference t h r u s t o r  ( see  f i g .  42 ) .  A t  an exhaust power densi ty  of 
100 kilowatts per square meter, lo5 needles would be required per square meter. 
The needle spacing would be 3 mill imeters.  
such a needle densi ty  would lower t h e  e l e c t r i c  f i e l d  s t rength at each needle t i p ,  
perhaps below t h a t  required f o r  e l e c t r i c  spraying. 

This low r a t e  of charge accumulation 

From t h e  preceding sect ions,  it i s  evident that an exhaust 

It seems reasonable t o  expect t h a t  

The charge-accumulation l i m i t  a l s o  appears per t inent  t o  t h e  surface- 
condensation scheme. I n  f a c t ,  t h e  l i t e r a t u r e  does not contain even approximate 
analyses t o  demonstrate t h a t  t h e  electric-spraying or surface-condensation 
schemes might be usefu l  i n  r e a l  e l e c t r o s t a t i c  th rus tors .  

Vapor condensation. - T o  date,  t h e  vapor-condensation method has not only 
produced values of m/q i n  t h e  upper portion of t h e  range of i n t e r e s t  f o r  pro- 
pulsion ( ref .  86) ,  but has a l s o  been incorporated i n  a laboratory device that  has 
produced a s u b s t a n t i a l  t h r u s t  ( r e f .  87) .  
a supersaturated vapor en ters  a condensation shock wave where p a r t i c l e  nucleation 
occurs. Subsequent growth i s  controlled by t h e  flow conditions. 
p a r t i c l e s  a r e  then charged by electron attachment i n  a corona discharge. 
c l e  s i z e  d is t r ibu t ions  have been measured f o r  a number of propellants such as 
aluminum chloride,  mercuric chloride,  and mercurous chloride.  Atomic-ion cur- 
r e n t s  have not been observed. Tne f r a c t i o n  of t o t a l  propellant t h a t  i s  con- 

I n  t h i s  method of p a r t i c l e  generation, 

The c o l l o i d a l  
P a r t i -  
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verted i n t o  co l lo ida l  p a r t i c l e s  has yet t o  be determined. 

It i s  of i n t e r e s t  a t  t h i s  point t o  i l l u s t r a t e  t h e  e f f e c t  of particle-mass 
d i s t r i b u t i o n  on col loidal-par t ic le- thrustor  efficiency. Although narrower s i z e  
d is t r ibu t ions  a r e  reported i n  reference 86, t h e  data for aluminum chloride w i l l  
serve as an example here. 
data f o r  aluminum chloride i s  s h o w  i n  f igure  44(a). This d i s t r i b u t i o n  appears 
deceptively good i n  t h a t  only a few large p a r t i c l e  diameters a r e  present. Rcom 
t h e  par t ic le -s ize  spectrum, t h e  m a s s  d i s t r i b u t i o n  function @ can be determined 
(see appendix B) and is  shown i n  f igure  44(b). Assuming paraxia l  flow, uniformly 
charged p a r t i c l e s ,  and g* t h e  same throughout t h e  beam, gives t h e  expression 
f o r  th rus tor  e f f ic iency  (see  appendix B ) :  

A smoothed p a r t i c l e  s i z e  d i s t r i b u t i o n  based on t h e  

and mi@+ determined from f igure  44(b) a r e  shown i n  f i g -  
ures 44(c) and (d r" g* The influence of t h e  few la rge  p a r t i c l e s  is  very pronounced 
The quant i t ies  

i n  mg*. From t h i s  estimate,  t h e  t h r u s t o r  e f f ic iency  is 

,.- u. I 

= y +-) 

It i s  c l e a r  t h a t  p a r t i c l e  s i z e  d is t r ibu t ions  narrower than t h a t  of f igure  44(a) 
must be obtained t o  prevent excessive loss i n  efficiency. 

By comparison w i t h  electron-bombardment ion thrus tors ,  it i s  expected t h a t  
CPZ/JQnet w i l l  be s m a l l ,  s ince O n e t  i s  large.  P a r t i c l e  s i z e  d i s t r i b u t i o n  and 
propel lan t -u t i l i za t ion  e f f ic iency  appear t o  be t h e  dominant problems i n  
col loidal-par t ic le- thrustor  performance. 

FUTUFiE RESEARCH PROBLEMS 

The preceding t e x t  has shown t h a t  present e l e c t r o s t a t i c  t h r u s t o r s  have 
shortcomings tha t  would cause ser ious loss i n  e l e c t r i c  spacecraft  performance. 
The fundamental processes within t h e  thrus tor  t h a t  a r e  responsible f o r  these 
shortcomings have been examined i n  d e t a i l .  
ceding t e x t  a r e  discussed i n  t h e  following sect ions with emphasis on those areas 

Research problems posed by t h e  pre- 

. that  have t h e  most e f f e c t  on t h r u s t o r  performance. 

Electron-Bombardment Thrustor 

Several areas  of research on t h e  electron-bombardment thrus tor  appear t o  be 
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reaching completion. With t h e  exception of t r y i n g  t o  obtain a-more uniform ion 
beam current  densi ty ,  t h e  ion-chamber configurations,  t h e  magnetic-field design, 
and t h e  acce lera tor  s t ruc tu re  a l l  f a l l  i n t o  t h i s  category. 
densi ty  would permit considerably greater power dens i t i e s  f o r  t h e  same l i f e t ime  
as shown i n  f i g .  42.)  The neu t r a l i ze r  design needs some work, but no major ob- 
s t a c l e  i s  an t ic ipa ted .  

(A uniform current  

The cathode i s  probably t h e  most important remaining component research 
area. The autocathode under development by Electro-Optical  Systems, Inc. i s  cer- 
t a i n l y  one promising solut ion.  As was pointed out i n  t h e  sect ion,  PRF1SENT 
STATUS, however, t h e  use of cesium places  more severe limits on t h e  exhaust j e t  
power densi ty  a t  low spec i f i c  impulse than does mercury. The advantage of higher 
exhaust power dens i ty  alone is s u f f i c i e n t  reason t o  continue research on t h e  
alkal ine-ear th  carbonate cathode, p a r t i c u l a r l y  s ince  very subs t an t i a l  l i f e t imes  
have already been obtained. 

Another reason f o r  continuing research on t h e  a lka l ine-ear th  carbonate cath- 
ode i s  t h e  possible  use of other  propel lants .  Low-atomic-weight propel lants  m a y  
be desirable  t o  obtain moderate acce lera t ion  voltages at  very high spec i f i c  im- 
pulses. Also,  heavy molecules m a y  prove s u i t a b l e  f o r  low spec i f i c  impulses 
( r e f .  22). 

Propellants with even heavier atomic weights than mercury would be des i rab le  
f o r  improving both t h e  e f f i c i ency  and exhaust power dens i ty  of an electron- 
bombardment t h r u s t o r  a t  low spec i f i c  impwlses. Since prospective propel lants  do 
not e x i s t  as atomic species  much heavier than mercury, heavy molecules appear t o  
be the  only p r a c t i c a l  subs t i t u t e .  
propel lants  is  being conducted a t  Lewis (ref,  22) .  
been reported,  but  considerable experimental work has been completed. Prelimi- 
nary ana lys i s  of t h e  da ta  ind ica tes  t h a t  molecules subs t an t i a l ly  heavier than 
mercury can be ionized and accelerated i n t o  a beam, but only f o r  propellant-  
u t i l i z a t i o n  e f f i c i enc ie s  of l e s s  than 10 percent.  The mean molecular weight i s  
reduced because of fragmentation a t  higher u t i l i z a t i o n  e f f ic iency .  Further ex- 
periments are planned, but t h e  simultaneous achievement of high u t i l i z a t i o n  e f f i -  
ciency and high mean molecular weight does not appear l i ke ly .  

A n  inves t iga t ion  of possible  heavy-molecule 
Complete r e s u l t s  have not ye t  

The development of e f f i c i e n t  t h rus to r s ,  with excel lent  prospects of reaching 
desired l i f e t imes  with fu r the r  work, has served t o  highl ight  t h e  shortcomings of 
e l e c t r i c  propulsion as a system, The need f o r  e f f i c i e n t ,  l ightweight,  r e l i a b l e  
e l e c t r i c  power sources is p a r t i c u l a r l y  obvious. The development of e f f i c i e n t ,  
l ightweight,  r e l i a b l e  power-conversion equipment, i s  almost as obvious, and f u l l y  
as necessary. There are other needs t h a t  a r e  even c loser  t o  t h e  thrustors .  The 
l a rges t  electron-bombardment-thrustor modules operated a t  Lewis t o  da te  have 
t h r u s t s  i n  t h e  range of  0.015 t o  0.018 kilogram although t h i s  l e v e l  cannot be 
obtained with long acce lera tor  l i f e .  The attainment of t h r u s t s  In excess of sev- 
e r a l  kilograms w i l l  obviously requi re  some d r a s t i c  changes. Simple scaling-up is 
not possible,  f o r  i f  t h e  accelerator  dimensions are a l l  scaled l i n e a r l y  with 
module s ize ,  then space-charge l imi ta t ions  would prevent any s igni f icant  increase 
i n  ion beam current .  Instead, t h e  accelerator  a r ea  must be increased without any 
subs t an t i a l  increase i n  acce lera tor  system spacing. Thermal expansion, warping, 
and fabr ica t ion  tolerances a l l  s e t  an upper l i m i t  on module s i z e  f o r  a given ac- 
ce le ra tor  spacing. The use of an a r r ay  of t h rus to r  modules i s  t h e  only so lu t ion  
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f o r  very high power leve ls .  

For simple d r i l l ed -p la t e  acce lera tors  of t h e  type t y p i c a l l y  used on 
electron-bombardment th rus to r s ,  t h e  upper l i m i t  on beam diameter appears t o  be 
i n  t h e  10- t o  20-centimeter range f o r  a spec i f i c  impulse of 4000 seconds with 
mercury. Even with a center  insu la t ing  support, t h e  relative thermal.expansion 
of t h e  two p la t e s  would prevent beam diameters much l a rge r  than 20 centimeters at  
t h i s  low impulse. Going t o  10,000 seconds (again with mercury) would r e s u l t  i n  
a considerable increase i n  t h e  accelerator  spacing. This increase i n  spacing 
would r e s u l t  i n  a similar increase i n  hole s i z e  and permissible beam diameter. 
A t h rus to r  module designed f o r  10,000 seconds w i t h  d r i l l ed -p la t e  acce lera tors  
could perhaps be two t o  th ree  times as la rge  i n  diameter as one f o r  4000 seconds. 
Further increase i n  s i z e  might be possible with wire grids somewhat s imi la r  t c  
those used on t h e  first electron-bombardment th rus to r  (refs. 1 2  and 40). A 
spr ing on each gr id  wire could prevent warping and would ad jus t  f o r  thermal ex- 
pansion. A fu r the r  increase i n  module s i z e  by perhaps a f ac to r  of 2 or 3 might 
be possible.  It should be evident t h a t  one course of fu tu re  research should be 
t o  determfne the  maximum module s i z e  over t h e  range of operating voltages and im- 
pulses.  

A r e l a t e d  problem i s  t h e  one of determining w h a t  in te rac t ions  occur when 
modules a r e  placed close together.  A group of t h ree  electron-bombardment thrus- 
t o r s  i s  present ly  being invest igated with regard t o  such in te rac t ions  i n  t h e  
25-foot-diameter 70-foot-long vacuum f a c i l i t y  a t  Lewis ( f i g .  45). 

Not only must t h e  in te rac t ions  of t h e  modules with each other be determined, 
but t h e  in te rac t ions  of t h e  modules w i t h  t h e  power suppl ies  m u s t  a l s o  be deter-  
mined. These l a t t e r  in te rac t ions  requi re  t h e  s t a t i c  and dynamic cha rac t e r i s t i c s  
of t h rus to r  modules as cont ro l  elements. The first p a r t  of such a study i s  de- 
scr ibed i n  reference 89. 

If t h e  present p r a c t i c a l  module s i zes  a r e  any indicat ion,  hundreds of mod- 
u les  m a y  be required f o r  a manned electr ic-propuls ion mission. 
severa l  hundred modules could be furnished w i t h  four  or f i v e  separate power sup- 
p l i e s .  A l e s s  depressing prospect would be t o  p a r a l l e l  a number of modules on a 
s ingle  supply, thereby subs t an t i a l ly  reducing t h e  number of supplies needed. I f  
such p a r a l l e l  c i r c u i t r y  i s  used, some means of c lear ing  e l e c t r i c a l  breakdowns or 
removing shorted modules from t h e  c i r c u i t  must be provided. Further, t h e  c i r c u i t  
breakers must be between t h e  individual  modules and the common power supply if  
only one module a t  a time is  t o  be removed from t h e  c i r c u i t .  Lightweight c i r c u i t  
breakers t o  withstand severa l  thousand v o l t s  a r e  f e l t  t o  be t h e  c r i t i c a l  element 
of t h i s  c i r c u i t  concept. Such c i r c u i t  breakers w i l l  be s tudied i n  t h e  near fu- 
t u r e  i n  conjunction with severa l  electron-bombardment thrus tors .  There a re ,  of 
course, obvious appl icat ions of such c i r c u i t  breakers t o  other  types of thrus- 
t o r s .  

Each one of these 

Probably t h e  biggest  uncertainty associated with high-voltage c i r c u i t  
breakers i s  t h e  frequency with which they m u s t  be operated. 
about 
minutes is typica l .  This type of breakdown was analyzed i n  reference 90, and an  
adsorbed layer  of impuri t ies  on the accelerator  s t r u c t u r e  appeared t o  be in-  
volved. 

A t  pressures of 
mill imeter of mercury near t h e  thrus tor ,  a breakdown every seve ra l  

The same type of t h rus to r  was  operated f o r  hours a t  a time without a 
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breakdown at  ambient pressures near 10'6 millimeter of mercury, 
then, t h a t  e l e c t r i c a l  breakdowns should be r a r e  i n  t h e  even lower pressure envi- 
ronment of space. The e f f e c t s  of micrometeorites on e l e c t r i c a l  bre'akdowns, 
though, must be evaluated before t h i s  conclusion can be more than t en ta t ive .  

It appears, 

Contact -Ionization Thrustors 

Examination of t h e  status of contact-ionization th rus to r s  has c l e a r l y  shown 
t h e  need f o r  greatly reduced charge-exchange i o n  spu t t e r ing  of t h e  acce lera tor  
e lectrodes and f o r  a s u b s t a n t i a l  reduction i n  t h e  thermal r ad ia t ion  l o s s  relative 
t o  t h e  exhaust j e t  power. These two problems are t h e  c r i t i c a l  ones and are p r i -  
mari ly  centered i n  t h e  ion izer  and i n  t h e  acce lera tor  geometry. 
grams present ly  under way t h a t  concern these two problem areas  are described i n  
t h i s  sect ion.  

Research pro- 

Porous ionizers ,  - Neutral  cesium atom efflux from porous-tungsten ion izers  
can be reduced if uniform submicron pore s i z e s  and high pore dens i t ies  (number 
per u n i t  a r ea )  can be obtained. A t  t h e  same time, s i n t e r i n g  a t  ion izer  operat ing 
temperatures m u s t  be s l o w  enough so that t h e  ion izer  has a du rab i l i t y  of a t  l e a s t  
400 days. This i on ize r  problem has been recognized f o r  a number of years, and 
many man-years of appl ied research have been devoted t o  ionizer  improvement 
( r e f s .  9 1  and 92).  I n  s p i t e  of t h i s  e f fo r t ,  s a t i s f a c t o r y  porous-tungsten ion- 
i z e r s  have not ye t  been developed. 

A number of possible  research avenues are discussed i n  reference 93, These 
approaches a r e  pr imari ly  concerned with reducing t h e  gra in  boundary d i f fus ion  t o  
obtain su f f i c i en t ly  low s in t e r ing  rates: 

(1) Grain boundary removal by reducing t h e  r e c r y s t a l l i z a t i o n  temperature of 
t h e  tungsten. 
would be soluble i n  tungsten but would not lower t h e  work function. 

This might be accomplished by a s m a l l  amount of addi t ive,  which 

( 2 )  Grain boundary d i f fus ion  r a t e  control  by adding a metal t h a t  d i f fuses  
more rap id ly  i n t o  tungsten than tungsten In to  t h e  m e t a l ,  for instance,  a 
tungsten-tantalum mixture exhib i t s  t h i s  s t a b i l i z i n g  e f f ec t .  

(3) Addition of a eutectic-forming metal, which would lower t h e  s in t e r ing  
rate. (This might t u r n  out t o  increase t h e  s i n t e r i n g  r a t e . )  

( 4 )  Addition of dispersed phase hard p a r t i c l e s ,  which a re  insoluble i n  
Hopefully these  p a r t i c l e s  would exist a t  t h e  grain boundary apex. tungsten. 

(5) Liquid-phase s i n t e r i n g  by u t i l i z i n g  t h e  solution, or Kirkendahl, e f f e c t  
of  a soluble metal i n  a liquid-phase c a r r i e r .  The soluble  metal and t h e  l i qu id -  
phase c a r r i e r  m u s t  be removable by acid leaching followed by vacuum evaporation. 

These various methods are, i n  one form or another, p resent ly  under invest igat ion 
i n  a number of l abora tor ies .  

I n  t h e  previous discussion on ionizer  s t a t u s ,  it was noted t h a t  t h e o r e t i c a l  
analysis  of t h e  cesium flow through t h e  pores and subsequent ionizat ion had pre- 
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dieted appreciable neut ra l  atom efflux from ionizers  with pore s i zes  greater  than 
1 micron. These analyses were based on ideal ized models of cy l indr ica l ,  evenly 
spaced pores. By inspect ion of t h e  ion izer  photomicrographs i n  figure 33, it is 
evident that  r e a l  ion izers  do not conform t o  the ideal ized models. The pores a re  
i r r egu la r  i n  shape, s ize ,  and spacing. It i s  t o  be expected that i r r e g u l a r i t y  i n  
s i z e  and spacing w i l l  increase the neut ra l  atom ef f lux .  A recent  important tech- 
nique developed a t  Electro-Optical  Systems, Inc. o f f e r s  t h e  p o s s i b i l i t y  of minute 
examination of porous ion izers  while they  are i n  ac tua l  operation. This tech- 
nique i s  an ion  microscope reported i n  reference 94. By designing t h e  electrode 
s t ruc tu re  as an e l e c t r o s t a t i c  lens ,  a great  magnification is achieved. The ce- 
sium ions are accelerated from t h e  ion izer  i n  divergent t r a j e c t o r i e s  and then 
s t r i k e  a t a r g e t  from which secondary electrons are accelerated t o  a cathode-ray 
screen. Excellent photographs and cinematography a r e  possible  with this tech- 
nique; therefore ,  much information on ionizer  operation may be gained. 

"Strip-beam" thrus tor .  - The EOS and Hughes th rus to r s  shown i n  f igures  28 
and 29 have a f a i r l y  high electrode blockagej t h a t  is, t h e  ac tua l  exhaust a rea  is 
subs t an t i a l ly  l e s s  than t h e  t o t a l  t h rus to r  area.  This i s  p a r t i c u l a r l y  t r u e  of 
t h e  Hughes thrus tor .  
electrode blockage, insu la tor  support problems a r i s e  when mult iple  concentric an- 
nular designs a r e  made. 

I n  addi t ion  t o  t h e  high spec i f i c  m a s s  (kg/kw) caused by 

For these  reasons, Hughes Research Laboratories, Inc. i s  conducting a r e -  
search and development program on a strip-beam contact-ionization th rus to r  ( r e f .  
28). A recent  design version of t h i s  th rus to r  i s  shown i n  f igu re  46. 

Divergent-flow th rus to r .  - Theoret ical  analysis  ( r e f .  18)  suggests tha t  a 
divergent space-charge flow acce lera tor  should improve t h e  power e f f ic iency  of 
t h e  contact-ionization thrus tor .  This t h e o r e t i c a l  increase i n  power e f f ic iency  
i s  pr imari ly  due t o  the  decreased r a t i o  of (Q/A)/j(D 
e f f ic iency  (see  appendix B ) :  

i n  t h e  expression f o r  power 

as i l l u s t r a t e d  i n  sketch ( i)  

Electrodes 

Ionizer 
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Because of t h e  divergence of t h e  space-charge flow, t h e  current  dens i ty  a t  t h e  
ionizer  is  higher than t h a t  f o r  paraxial flow f o r  t h e  same acce l  length L and 
acce l  voltage @A- The ionizer  temperature m u s t  be increased only s l i g h t l y  t o  
accommodate t h e  higher current  density,  so that t h e  rad ian t  heat l o s s  
t h e  ionizer  face  i s  increased only s l i gh t ly .  

Q/A from 

This thrustor-design concept i s  present ly  under inves t iga t ion  a t  Lewis. The 
acce lera tor  configuration is intended t o  approximate t h e  divergent space-charge 
flow between coaxial  cylinders,  as i l l u s t r a t e d  i n  f igu re  47. The experimental 
t h rus to r  apparatus i s  shown i n  f igu re  48. Much of t h e  support s t ruc tu re  and 
other  p a r t s  of this apparatus would be eliminated i n  an ac tua l  t h rus to r  a r r ay  
such as t h a t  shown i n  f i g u r e  46. 

The e f f ic iency  of t h e  divergent-flow thrustor might not be l imi ted  as much 
by acce l  e lectrode du rab i l i t y  as ex i s t ing  contact-ionization thrustors .  Examina- 
t i o n  of f igu re  30 indica tes  t h a t  t he  charge-exchange ions a r e  pr imari ly  formed i n  
t h e  acce l  aper ture  and decel  regions. I n  t h e  divergent-flow th rus to r ,  t h e  cur- 
r en t  densi ty  i n  t h e  acce l  aper ture  is  only one-half t h e  current  densi ty  a t  t h e  
ionizer  and even less i n  t h e  dece l  region. For t h i s  reason it is  expected t h a t  
high current  dens i t i e s  a t  t h e  ionizer  m a y  be permissible i n  t h e  divergent-flow 
thrustor .  The idea l ized  ana lys i s  presented i n  appendix C supports t h i s  conclu- 
sion. 

An estimate of t h e  e f f ic iency  of t h i s  thrustor-design concept is shown i n  
f igu re  49. This estimate is based on t h e  ion izer  temperatures shown i n  f i g -  
ure  37, an ion izer  thermal r ad ia t ion  emittance of 0.5, and a u t i l i z a t i o n  e f f i -  
ciency of 100 percent.  
of t h e  ionizer  temperature data  of f igu re  37. If t h e  neu t r a l  atom loss  data  
( f i g .  34) f o r  t h e  spherical-powder ion izer  is assumed, t h e  estimated e f f ic iency  
of t h e  divergent-flow thrustor is reduced t o  t h a t  shown i n  f igu re  50. The sub- 
s t a n t i a l  l o s s  i n  estimated eff ic iency.  due t o  use of t h e  neu t r a l  atom e f f lux  da ta  
i s  the  r e s u l t  of current-densi ty  l imi ta t ions  required t o  obtain a 400-day dura- 
b i l i t y .  Although t h e  e f f ic iency  of t h e  divergent-flow th rus to r  might be higher 
than ex i s t ing  contact- ionizat ion th rus to r s ,  it i s  evident t h a t  t h e  divergent-flow 
thrus tor  cannot have s i g n i f i c a n t l y  b e t t e r  performance than t h e  electron-  
bombardment th rus to r ,  unless porous-tungsten ion izers  can be developed with l o w  
neut ra l  atom e f f lux  a t  very high current  density.  

The dashed port ions of t h e  curves ind ica te  extrapolat ion 

Circular-flow thrus tor .  - Another method of reducing t h e  thermal rad ia t ion  
loss i n  contact- ionizat ion th rus to r s  is  t h a t  of thermal r ad ia t ion  shielding. I n  
t h e  th rus to r s  discussed s o  far, t h e  ion izer  has a d i r e c t  view of space through 
t h e  exhaust aper ture .  As suggested i n  reference 18, Meltzer 's  c i r cu la r  space- 
charge flow might be used t o  provide thermal r ad ia t ion  shielding. I n  Meltzer 's  
flow, t h e  ions follow arcs  of c i r c l e s  with an acce l  t o  
followed by a decel  t o  a s top a t  A th rus to r  design based on t h i s  space- 
charge flow i s  shown i n  f igu re  51. This t h rus to r  is  present ly  under experimen- 
t a l  inves t iga t ion  a t  Lewis. 

fl/3 radians of t u r n  
2r(/3. 

Hypothetical reverse-feed thrus tor .  - 
contact- ionizat ion t h r u s t o r s  by inadequate 
about a r e tu rn  of i n t e r e s t  i n  reverse-feed 
t h e  neu t r a l  atom cesium propel lant  a r r ives  

The ser ious l imi t a t ions  imposed on 
porous ion izers  could possibly br ing 
design concepts. With reverse-feed, 
a t  t h e  ionizer  by Knudsen flow across 
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o r  through t h e  ion flow i n  the accelerator  as shown i n  sketch ( j ) .  

Neutral 
atoms 

Ions 

Sol id  
ion i  zer-, 

The configuration i n  sketch ( j )  has been experfmentally investigated,  and 
i t s  performance is reported i n  reference 95. The t h e o r e t i c a l  performance of a 
somewhat similar design with propellant feed s l o t s  mounted on e i t h e r  s ide  of t h e  
decel  region i s  reported i n  references 96 and 97. 
such designs has been t h a t  excessive charge-exchange occurs as t h e  neut ra l  atom 
propellant passes through t h e  ion flow. A p r a c t i c a l  object ion i s  that e l e c t r i c  
breakdown occurs across  t h e  po ten t i a l  difference between t h e  electrode feed tube 
and t h e  ionizer .  

The pr inc ip le  objection t o  

The recent  data on charge-exchange t r a j e c t o r i e s  shown i n  f igu re  30 suggest 
t h e  possible  th rus to r  design i l l u s t r a t e d  i n  f igu re  5 2 .  The beam-forming elec-  
t rodes shown i n  f igu re  30 a r e  a t  t h e  ionizer  po ten t ia l ,  so  t h a t  neut ra l  atom pro- 
pe l l an t  could flow t o  t h e  ionizer  from such a loca t ion  without e l e c t r i c  breakdown 
occurring. Most of t h e  neu t r a l  a t o m  propellant would flow through regions of t h e  
ion beam wherein charge-exchange ions would not have t r a j e c t o r i e s  in te rcept ing  
t h e  acce l  electrode. 
t i o n  on t h e  ionizer  would be l e s s  than 1 percent of t h e  ion current.  

Presumably the  neut ra l  atom e f f lux  r e su l t i ng  from ioniza- 

Neutral atom e f f lux  pa t te rns  from t h e  propel lant  feed s l o t s  a r e  such t h a t  
some of t h e  atoms w i l l  m i s s  t h e  ionizer  and s t r i k e  t h e  opposite beam-forming 
electrode, t he  opposite acce l  electrode, or will pass out through t h e  exhaust 
aperture.  The f r a c t i o n  of neu t r a l  atoms l o s t  i n  t h i s  manner i s  a funct ion of t h e  
angle 8 (see f i g .  5 2 )  and of t h e  s l o t  length t o  width r a t i o .  This neut ra l  atom 
loss  has been calculated f o r  Knudsen flow i n  t h e  s l o t .  These calculat ions show 
t h a t  s l o t  angles of 50' or more a r e  required t o  obta in  neu t r a l  atom losses  of 
5 percent or l ess .  For a s l o t  angle of 50' and a s l o t  length t o  width r a t i o  of 
10, t h e  neu t r a l  atom f l u x  a r r iv ing  at  t h e  emit ter  would be as shown i n  f i g u r e  53. 

As  i s  the  case f o r  a l l  atomic ion th rus to r s ,  t h e  acce l  length must be shor t ,  
tha t  i s ,  about 5 mil l imeters .  The propellant feed s l o t  would have t o  be only a 
few ten ths  of a mill imeter wide. 
t h e  feed s l o t s  could be a ser ious problem. 

With t h e  nearby emit ter  a t  1500' K, warping of 

It m a y  be possible  t o  reduce electrode erosion from ion charge exchange by 
using t h e  reverse-feed concept shown i n  figure 52. 
current  densi ty  could be increased t o  obtain higher j e t  exhaust power dens i t i e s  

If t h i s  were t rue ,  t h e  ion  
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and lower values of t h r u s t o r  spec i f i c  mass. The lower operating temperature and 
lower emittance of sol id- tungsten ionizers  would r e s u l t  i n  g rea t ly  reduced the r -  
m a l  r ad i a t ion  loss i n  comparison with porous-tungsten ionizers .  With t h e  possi-  
b i l i t y  of increased current  dens i ty  and lowered thermal r ad ia t ion  loss ,  it i s  
ce r t a in ly  evident t h a t  t h rus to r  e f f ic iency  might be subs t an t i a l ly  increased. 

Further s tudy of t h i s  reverse-feed-thrustor concept might be warranted, if 
porous ion izers  continue t o  be a major problem. 

Colloidal-Part ic le  Thrustors 

. The research work described i n  t h e  sect ion,  PRESENT STATITS, i s  continuing 
f o r  t h e  most pa r t .  The various methods of p a r t i c l e  generation and charging a r e  
s t i l l  under invest igat ion.  Some of these  methods have not yet  reached t h e  s tage 
where t h e  experimental apparatus resembles a th rus to r ,  s ince  most a t t e n t i o n  is 
being given t o  t h e  bas ic  mechanisms. 

The ion-nucleation concept (ref. 79)  is being invest igated i n  apparatus sim- 
ula ted  a real  thrus tor .  The bas ic  mechanisms important t o  th rus to r  operation are 
not f u l l y  solved yet, so t h a t  t h rus to r  performance evaluation cannot be expected 
i n  t h e  immediate fu ture .  

The vapor-condensation method ( re fs .  86 and 87)  is  being invest igated a t  
Lewis i n  apparatus resembling a real thrus tor .  The pas t  experiments have been 
made with a 50,000-volt power supply, but a 150,000-volt f a c i l i t y  i s  now avail- 
able,  and a 400,000-volt f a c i l i t y  i s  under construction. 
power avai lable ,  a g r e a t l y  improved evaluation of t h i s  t h rus to r  concept will be 
possible  . 

With such high-voltage 

Modifications of t he  quadrupole and monopole massenfi l ters  ( m a s s  spectrome- 
t e r s )  a r e  being developed a t  Lewis f o r  measurement of p a r t i c l e  m a s s  t o  charge 
r a t i o  i n  the  exhaust beam from experimental t h rus to r s .  With measurements of par- 
t i c l e  m a s s  t o  charge r a t i o ,  t h r u s t ,  beam current ,  and t o t a l  propellant m a s s  flow 
r a t e ,  it i s  expected t h a t  an accurate determination of propel lan t -u t i l i za t ion  ef- 
f ic iency  can be made. 

Fundamental s tud ies  of p a r t i c l e  nucleation and growth are a l so  under way. 
It i s  hoped t h a t  such s tudies  will a i d  i n  t h e  design of p a r t i c l e  generator noz- 
z les  t h a t  will provide p a r t i c l e s  with a m a s s  of l e s s  than 100,000 atomic m a s s  
un i t s  and with a narrow s i z e  d is t r ibu t ion .  I n  addi t ion  t o  t h e  electron-  
attachment method of p a r t i c l e  charging, severa l  other  methods are under inves t i -  
gat ion t h a t  include e lec t ron  bombardment, f i e l d  emission, and photoionization. 

CONCLUDING REMARKS 

With the  exception of t h e  cathode, t h e  electron-bombardment th rus to r  i s  ca- 
pable of d u r a b i l i t i e s  required f o r  in te rp lane tary  round-trip missions. Experi- 
mental data  from recent  cathode tests ind ica te  t h a t  a lkal ine-ear th  carbonate 
coatings may provide adequate du rab i l i t y  at  acceptable heater-power leve ls .  It 
i s  a l s o  expected t h a t  t h e  autocathode version of t h e  electron-bombardment thrus-  
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tor will have adequate durability. It is difficult to foresee any substantial 
improvement in the efficiency of the electron-bombardment thrustor. Although se- 
rious payload losses would be incurred with the electron-bombardment t?xrustor, it 
could be used for most electric-propulsion missions in its present form. 

The ionizer in the contact-ionization thrustor is not adequate at present 
because of the inability to produce porous tungsten with sufficiently low neutral 
atom loss and simultaneously to prevent unacceptable in-flight-sintering rates. 
Because of the high neutral atom loss from porous-tungsten ionizers, charge- 
exchange ion erosion of electrodes places a severe limit on contact-ionization 
thrustor efficiency, particularly in the lower range of specific impulse. The 
problems of porous-tungsten ionizers - unless modif led by substantial improve- 
ments in technology - are formidable enough to prevent the use of contact- 
ionization thrustors for primary propulsion. 

Colloidal-particle thrustors do not exist at present. With the exception of 
the vapor-condensation method, existing methods of colloidal-particle generation 
produce particles with much too high a mass to charge ratio. At present, the 
vapor-condensation method would require accelerator voltages of 400,000 volts to 
obtain a specific impulse of 3000 seconds, which is near the lowest value of in- 
terest. Not enough is known at present to predict accurately the ultimate per- 
formance of the colloidal-particle thrustor. 

Comparisons between electrostatic, electrothermal, and electromagnetic 
(plasma) thrustors have been avoided. 
impulse of electrothermal thrustors is well below the range of interest for in- 
terplanetary missions. 
cies, and there is no concrete evidence at present on which to base estimates of 
future performance. 

Mission analyses show that the specific 

Existing plasma thrustors have unacceptably low efficien- 

The development of moderately efficient thrustors, with excellent prospects 
of reaching desired lifetimes with further work, has served to highlight the 
shortcomings of electric propulsion as a system. The need for efficient, light- 
weight, reliable electric-power Sources and power-conversion equipment is par- 
ticularly obvious. 

. Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, November 27, 1963 
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APPEmDIX A 

SYMBOLS 

A exhaust area,  sq m 

AE,AI 
a 

area of exhaust aperture  and ionizer ,  respect ively,  sq m 

r a t i o  of instantaneous thrust and vehicle  m a s s ,  F/M, newtons/kg 

d p a r t i c l e  diameter, A 

acce lera tor  f i e l d  s t rength,  v/m EA 
F th rus t ,  newtons 

Fe 

'id 

2F 

externa l  forces ,  newtons 

i d e a l  t h rus t ,  newtons 

molecular flow impedance f a c t o r  t o  account for increased neut ra l  atom 
densi ty  

f 

f* 

gn 

neu t ra l  atom f r a c t i o n  (at  ion izer ) ,  atoms/ion 

p a r t i c l e  speed d i s t r i b u t i o n  function, sec/m 

p a r t i c l e  m a s s  d i s t r i b u t i o n  function, kg-l  

g rav i t a t iona l  conversion f ac to r ,  m/sec2 gC 

I spec i f i c  impulse, F/gCkot, sec 

ion beam current ,  amp 

ion current density,  amp/sq m 

JB 

j 

primary ion current  densi ty  i n  

primary ion  current  densi ty  at ionizer ,  amp/sq m 

current  dens i ty  of p a s t i c l e s  v i t h  Z e lec t ronic  charges, mp/sq m 

dy dz dZ, amp/sq m JE 

J Z  

JI 

K constant 

constant of propor t iona l i ty  K1 

L acce l  length,  m 

L du rab i l i t y  l i fe t ime,  days 
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2 a x i a l  dimension, m 

M 

m 

%ot 

m+ 

Na 

N i  

nE 

P 

'Q 

9 

rE 3 '1 

t 

instantaneous vehicle  m a s s ,  kg 

payload m a s s ,  kg 

payload f r a c t i o n  

propulsion system mass, kg 

vehlcle mass a t  end of mission, kg 

i n i t i a l  vehicle  m a s s ,  kg 

p a r t i c l e  m a s s ,  kg 

propel lant  mass flow rate, kg/sec 

t o t a l  propel lant  m a s s  flow r a t e ,  kg/sec 

mass flow r a t e  of propel lant  ac tua l ly  ionized or charged, and e lec t ro-  
s t a t i c a l l y  acce lera ted  t o  produce t h r u s t ,  kg/sec 

f lux of neu t r a l  atoms i n t o  

flux of charge-exchange ions out of 

f l u x  of primary ions i n t o  

neut ra l  atom dens i ty  i n  

dy dz dz, l b / ( s e c ) ( s q  m) 

dy dz d2, lb/( sec) ( s q  m) 

dy dz az, Ib / ( sec ) ( sq  m)  

dy dz dZ, lb/cu m 

power invested in acce lera t ing  charged p a r t i c l e s ,  w 

exhaust j e t  power, w 

e f fec t ive  exhaust j e t  power, w 

exhaust power density,  kw/sq m 

power loss, w 

powerplant output power, w 

thermal r ad ia t ion  loss, w 

p a r t i c l e  charge, coulombs 

r a d i i  of exhaust aper ture  and ionizer  equipotent ia ls ,  respect ively,  m 

time, sec 
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U 

U 

v 
v 

- 
v 

vj e f f  

Y 

Y, = 
Z 

%h 
2 2 

PconvJ Pdiv 

T 

‘A 

‘net 

instantaneous ve loc i ty  of vehicle  , m/sec 

instantaneous ve loc i ty  of d i f f e r e n t i a l  propel lant  m a s s  dm 

volume of charge-exchange region, cu m 

exhaust ve loc i ty ,  m/sec 

q - 9  sec 

average exhaust veloci ty ,  m/sec 

neu t r a l  atom speed i n  dy dz d2, m/sec 

i d e a l  f ina l  ve loc i ty  

e f fec t ive  j e t  veloci ty ,  m/sec 

sput te r ing  y i e l d  , a t  oms /ion 

lateral dimensions, m 

number of e lec t ronic  charges 

power-conversion spec i f i c  m a s s ,  kg/kw 

powerplant spec i f i c  m a s s ,  kg/kw 

electric-propulsion-system spec i f i c  mass, kg/kw 

th rus to r  spec i f i c  m a s s ,  kg/kw 

Langmuir funct ions for convergent and divergent space-charge flows, 
respec t ive ly  

pe rmi t t i v i ty  of f r e e  space, 8.855~10-l~ f/m 

t h rus to r  e f f ic iency  

th rus to r  power e f f ic iency  

propel lan t -u t i l i za t ion  e f f ic iency  

charge-exchange cross section, sq cm 

t r i p  time, days 

acce l  voltage,  v 

net acce lera t ing  voltage,  v 
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APPENDIX B 

DERIVATION OF THRUSTOR PERFORMANCE PAFWEZERS 

As s t a t e d  i n  t h e  introduction, t h e  funct ion of a space-propulsion system i s  
t o  move a mass ( t h e  vehic le )  from one place t o  another i n  a spec i f ied  length of 
time i n  t h e  space environment. The funct ion of t h e  e l e c t r i c  t h rus to r  is  t o  con- 
v e r t  e l e c t r i c  power and propel lant  mass i n t o  thrust. Fromthese def in i t ions ,  it 
i s  evident that t h e  th rus to r  performance parameters must have a d i r e c t  r e l a t i o n  
t o  t h e  funct ion of t h e  th rus to r .  

The r a t e  of change of instantaneous vehicle  mass M is equal t o  t h e  t o t a l  
r a t e  of m a s s  e j ec t ion  Thtot 

Dividing both s ides  of equation (Bl) by M2, and defining a F/M where F i s  
t h r u s t  r e s u l t s  i n  

In tegra t ing  over a propulsion time T yie lds  

SO t h e  t o t a l  vehicle  m a s s  a f t e r  time T i s  

1 M, = 
P Z  . 

and t h e  payload f r a c t i o n  M p a y h  is 

1 + Mo 1 a2 d t  
F2 

where %s is t h e  propulsion system mass. 

constrained, but  t h e  powerplant power 9 is limited.  Maximum payload is  ob- 
ta ined  when f u l l  power is  used throughout t h e  f l i g h t .  If t h e  th rus to r  w e r e  

In e l e c t r i c  rockets,  t h e  thrust and t h e  mass flow r a t e  of propel lant  are un- 
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100-percent e f f i c i e n t ,  t h e  power 9 and the  propel lant  m a s s  flow would be 
f u l l y  converted t o  t h r u s t  a t  an exhaust ve loc i ty  The power consumed i n  ex- 
pe l l i ng  t h e  propel lant  i s  t h e  time r a t e  a t  which energy i s  expended. 
m a s s  
ve loc i ty  via i n  t h e  th rus to r  ( t h e  subscr ipt  i d  denotes " idea l" ) .  This corre- 
sponds t o  an energy expenditure v& h / 2 .  
many d i s c r e t e  masses per un i t  time is 

v. 
A d i sc re t e  

of propel lant  i s  accelerated from zero i n i t i a l  ve loc i ty  t o  t h e  exhaust hn 

The power expended i n  acce lera t ing  

where fi i s  the  number per second of masses hn expelled from the  thrus tor .  
The propellant flow r a t e  fqot is N hn, so 

which i s  t h e  correct  expression f o r  a perfect  th rus tor ,  
l o c i t y  U 
be ex terna l  forces  Fe ac t ing  on it (such as g rav i t a t ion ) :  

The vehicle  has a ve- 
i n  an i n e r t i a l  coordinate system as shown i n  sketch (k) ,  and there  m a y  

8-- Fe 

(k) k 

From conservation of momentum 

d(MU) + ( h ) ( U  - via) = -Fe d t  

U dM + M dU + U dm - Via dm = -Fe d t  

By noting t h a t  d.M = -dm, equation ( B 9 )  can be wr i t ten  

Since dU/dt is t h e  vehicle  accelerat ion,  t h e  thrust m u s t  be 
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Fid = mtotVid 

This expression f o r  t h r u s t  may be used i n  equation (B7) t o  obtain:  

which is the  appropriate  r e l a t i o n  between power, t h r u s t ,  propellant mass flow 
r a t e  f o r  a per fec t  th rus tor .  
t h e  ac tua l  t h r u s t  will be l e s s  than ideal .  To account f o r  these  losses ,  a thrus-  
t o r  e f f ic iency  7 is  defined as 

R e a l  e l e c t r i c  t h rus to r s  w i l l  have losses ,  s o  that 

where F, kat, and 9 are t h e  ac tua l  t h r u s t ,  propel lant  m a s s  flow r a t e ,  and 
power input t o  t h e  th rus to r ,  respectively.  

Thrustors may l o s e  some propel lant  a t  negl ig ib le  exhaust ve loc i ty j  t h a t  is, 
propel lant  p a r t i c l e s  t h a t  are not charged a r e  exhausted a t  thermal ve loc i ty  from 
t h e  e l e c t r o s t a t i c  th rus tor ,  To account f o r  t h i s  propel lant  loss, t h e  expression 
f o r  t h rus to r  e f f ic iency  m a y  be wr i t ten  

where m+ 
accelerated.  
f o r  propel lant  l o s s  

is t h e  m a s s  flow r a t e  of t h a t  propel lant  t h a t  i s  ac tua l ly  charged and 
A propel lan t -u t i l i za t ion  e f f ic iency  may be defined t h a t  accounts 

L 
qJ = 7 

mtot 

and a th rus to r  power e f f i c i ency  may be defined that accounts f o r  e l e c t r i c  power 
l o s s  

FL 
rlP = 

From these  def in i t ions ,  t h e  th rus to r  e f f ic iency  i s  

The th rus to r  e f f i c i ency  defined by equation (B13) may be used i n  t h e  payload 
f r a c t i o n  equation (B5) 
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If t h e  powerplant power 9 i s  constant, 

It is  evident t h a t  maximum payload w i l l  obtain for a minimum value J of t h e  
i n t e g r a l  

The quant i ty  a is  unconstrained, but it i s  subjec t  t o  t h e  equations of motion 
of bodies i n  g rav i t a t iona l  f i e l d s  and t b  t h e  i n i t i a l  and final pos i t ion  and ve- 
l o c i t y  vectors.  
payload is  maximized (ref.  15). 
t h e  calculus of var ia t ions ;  values of J have been determined f o r  a number of 
missions with a constant t h rus to r  e f f ic iency  '1 assumed (e.g., ref. 16 ) .  For 
minimum J, t h e  quant i ty  a has a wide var ia t ion ,  s o  t h e  t h r u s t  and exhaust ve- 
l o c i t y  programs a l s o  vary widely (see f ig .  4 ) .  Real th rus to r s  have e f f i c i enc ie s  
that are s t rong funct ions of exhaust ve loc i ty  s o  a universa l  value of J is not 
possible  for a l l  th rus tors .  For an  assumed constant t h rus to r  eff ic iency,  an es- 

When t h e  i n t e g r a l  is  minimized subject  t o  %hese conditions,  t h e  
The minimization of t h e  i n t e g r a l  is  a problem i n  

t imate  of t h e  e f f e c t  of e f f i c i ency  
trated i n  sketch ( 2 )  (ref. 22). 

- _  

on payload f rac t ion  can be obtained as illus- 

0 . 2  . 4  -6 .8 1.0 
Thrustor efficiency, q 
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It is evident t h a t  t h rus to r  e f f ic iency  w i l l  have a great  e f f ec t  on the d i f f i c u l t  
missions ( f a s t  or d i s t a n t ) ,  which are those with the  r e l a t i v e l y  low payload 
f rac t ions .  

In  addi t ion t o  thrus tor  eff ic iency,  some other th rus tor  parameters a r e  of 
i n t e r e s t  ( r e f .  18) 

where I i s  spec i f i c  impulse, v ~ , ~ f f  is ef fec t ive  exhaust veloci ty ,  v is aver- 
age exhaust veloci ty ,  Pj , eff i s  e f fec t ive  exhaust j e t  power, and Pj i s  exhaust 
j e t  power. The expression f o r  t h rus t  is  derived i n  reference 18 and is  based on 
t h e  geometry shown i n  sketch ( m ) .  

Normal - 
r A  

Thrust -- 
(m) 

The d i f f e r e n t i a l  force d f  is 

The d i f f e r e n t i a l  contribution t o  th rus t  made by df is 

dF = cos y df 

The t o t a l  t h rus t  is  
P 

j v COS r COS A d~ 
F = J ,  9 

aper a t  ure 

I 



The power P invested i n  acce lera t ing  t h e  charged p a r t i c l e s  is a l s o  of i n t e r e s t :  

P = X jBnet cos A u 

Since 8= P + CPz, t h e  th rus to r  e f f ic iency  is  

F2 
11 = &(P + CPZ) 

where CPz i s  t h e  t o t a l  power loss.  

The preceding r e l a t i o n s  f o r  t h r u s t  F and acce lera tor  power P (eqs. (B26) 
and (B27) )  are v a l i d  only f o r  p a r t i c l e s  of uniform 
po ten t i a l  d i f fe rence  Qnet. 
same po ten t i a l  d i f fe rence  but have a d i s t r i b u t i o n  of 

q/m f a l l i n g  through t h e  same 
If t h e  propel lant  p a r t i c l e s  a l l  f a l l  through t h e  

m/q, then 

where 
t i c l e s  a t  any p a r t i c u l a r  value of m and 

is a d i s t r i b u t i o n  funct ion t h a t  spec i f i e s  t h e  number f r a c t i o n  of par- 

The current  densi ty  jz is t h e  current of p a r t i c l e s  with charge Ze flowing 
through t h e  stream tube of cross sec t ion  
charge). I n  equation (B29) ,  t h e  speed v i s  d i r e c t l y  r e l a t e d  t o  B n e t ,  m, and 
Z by v = d2ZeBnet/m. If t h i s  r e l a t i o n  does not e x i s t ,  then 

cos A -  dA ( e  i s  un i t  e lec t ronic  
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m 

m 

where t h e  speed d i s t r i b u t i o n  funct ion is defined by 

f* dv 3 1 Lm 
For t he  case of paraxia l  flow, uniformly charged pa r t i c l e s ,  v = 1/2qOnet/m, 

and @ t h e  same everywhere i n  A 

7 = qJ 

A n  example of t h e  e f f ec t  of particle-mass d i s t r ibu t ion  on ef f ic iency  is given i n  
t h e  sect ion,  Vapor condensation. 

When a l l  p a r t i c l e s  have the same m a s s  and charge and t h e  flow i s  paraxial ,  

For example, i f  t h e  speed d i s t r ibu t ion  funct ion is  t h e  Maxwell d i s t r i b u t i o n  func- 

tion f* = [./(+ v:)]v2 exp[-v2/v:], then qp = 0.85/(1 + zpz/p). 
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When all p a r t i c l e s  have t h e  same mass and charge and t h e  flow is conical ly  
divergent with a cone half'-angle of yo and with uniform current densi ty ,  

11 = vu 
(l+%) 

At To = 2 5 O ,  qp = 0.91/(1 + CPz/P), 

0339) 
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RELATrJE MAGNlTUDES O F  CHA.RGE EXCHANGE I N  DIVERGENT- AND 

CONvERctENT-mOW 'DRUSTORS 

The th rus to r  configurations t o  be analyzed have convergent and divergent 
space-charge flow geometries. 
umes 

Charge-exchange ions or ig ina te  from d i sc re t e  vol- 
dy dz dZ, as shown i n  sketch (n ) .  

Accel e lectrode 

Ionizer 

&, 
\ 

(dz normal 
t o  sketch) 

''Y Region from which 
charge - exchange I 
ions w i l l  impinge I 
on accel-electrode-' 

The following symbols are used i n  t h e  discussion: 

area of exhaust-aperture and ion izer ,  respect ively,  sq  m 

molecular flow impedance f a c t o r  t o  account f o r  increased neu t r a l  atom 
densi ty  

neut ra l  atom f r a c t i o n  (a t  ion izer )  , atoms/ion 

primary ion  current dens i ty  i n  

primary ion current  densi ty  a t  ion izer ,  amp/sq m 

constant of propor t iona l i ty  

a x i a l  dimension, m 

flux of neu t r a l  atoms i n t o  

flux of charge-exchange ions out of 

flux of primary ions i n t o  

dy dz dZ, amp/sq m 

dy dz dZ, l b / ( s e c ) ( s q  m )  

dy dz d2, l b / ( sec ) ( sq  m )  

dy dz d2, l b / ( sec ) ( sq  m)  
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0 

neu t ra l  atom dens i ty  i n  

t o t a l  e l ec t ron ic  charge, coulombs 

r a d i i  of exhaust-aperture and ionizer  equipotent ia ls ,  respect ively,  

dy dz dZ, lb / (cu  m )  

m 

neu t r a l  atom speed i n  

lateral  dimensions, m 

Langmuir funct ions for convergent and divergent space-charge f l o w s ,  

dy d z  dz, m/sec 

respec t ive ly  

charge-exchange cross  sec t ion ,  s q  m 

The charge exchange ion f l u x  from dy dz dZ i s  

N i  = N*GnE dZ J 

The neut ra l  atom densi ty  i n  dy dz dZ i s  

(1 + 2n 
and t h e  primary ion f l u x  i s  

Assuming t h a t  t h e  neu t r a l  atom f r a c t i o n  is  a l i n e a r  funct ion of ionizer  current 
densi ty  r e s u l t s  i n  

f = K l j I  (c4) 

so t h a t  

The performance of cesium ion th rus to r s  is  l imi ted  -y accelerator  e lectrode 
spacings, so any comparison of t h rus to r  geometries must be based on equal acce l  
lengths,  equal acce l  voltage,  and equal @A/onet. Comparable m a y s  of conver- 
gent and divergent geometries have equal radii  (rI,conv = rE,div and 
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rE,conv - - as shown in sketch (0). 

( 0 )  

The ionizer current densities are (refs. 18, 98, and 99): 

az ai 

I 



So t h a t  

2 
'1,div pconv =- 
j1,conv paiv 2 

For a rad ius  r a t i o  of 2 f o r  both configurations (values f o r  pconv and paiv 
are from ref.  98 or 99) ,  

j1 ,div 0.83 
0.29 JI, conv 

E - = 2.86 

however, then t h e  t o t a l  currents are 

jI ,di$I,div = 2.86( rlydiv ) = 2-86 x 1 = 1.43 
JI,conv*I,conv rI, conv 

To obtain a comparison at  t h e  same exhaust j e t  power densi ty ,  it is n e c e s s a r y t o  
dera te  t h e  divergent flow th rus to r  by operating a t  l e s s  than space-charge- 
l imi ted  current  dens i ty  SO that 

Theref ore, 

j I , d i v  = 2.0 
h, conv 

The r a t i o  of charge-exchange fluxes is  then (from eq. ( C 6 ) )  
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The r a t i o  of t o t a l  number of charge-exchange ions or ig ina t ing  i n  t h e  volume 
AE dl i s  

(NiAE)div - + f ) d i v  - 
( NiAE) c onv (1 + T ) c o n v  

Since (1 + 9 ) d i v  < (1 + T)conv,  it i s  evident t h a t  t h e  divergent-flow th rus to r  
w i l l  su f f e r  l e s s  charge-exchange impingement than t h e  convergent-flow thrus tor .  

Furthermore, t h e  divergent-flow th rus to r  should have l e s s  heat loss because 
of i t s  smaller ionizer  area, so  t h a t  i ts ef f ic iency  should be greater  than t h a t  
of t h e  convergent-flow th rus to r  when both th rus to r s  have the  same durabi l i ty .  
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TABLE I. - PAYLOAD FOR SPACE PROSE MISSIONS 

[From re f .  2.1 

I 

Mission Payload, kg 

Elec t r ic  rocket ( i n i t i a l  Nuclear rocket Chemical rocket 
weight, 11,000 kg; power- ( i n i t i a l  weight, ( i n i t i a l  weight, 
plant weight, 2800 kg) 34,000 kg) 22,000 kg; pro- 

pel lant  , H2-02) 
Specific Specific 
weight, weight, 
6 kg/kw 1 2  kg/kw 

Place payload i n  500-mile 
Mars orb i t ;  t r i p  time, 
230 days 

Jupi te r  flyby; t r i p  time, 
500 days 

Send payload 30° out of 
ec l ip t i c  plane; t r i p  
time, 232 days 

Pluto flyby; t r i p  time, 
1100 days 

Place payload i n  2000-mile 
Saturn orbi t ;  t r i p  time, 
1000 days 

Place payload i n  2000-mile 
Jupi ter  orb i t ;  t r i p  t h e ,  
900 days 

46 00 

5500 

3900 

2800 

2300 

1800 

3000 

3700 

2000 

9 00 

500 

136 

8400 

6800 

1800 

&NO mission 

&NO mission 

&NO mission 

4000 

3200 

&NO mission 

&NO mission 

&NO mission 

&NO mission 

'No mission indicates that payload is too s m a l l .  
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Figure 1. - Payload fractions f o r  Mars orbiter mission. Irving-Blun trajectories; initial (Earth) 
orbit, 300 kilometers; final (Mars) orbit, 640 kilometers. 
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Figure 2. - Payload fractions for Mars round-trip mission. Irving-BLum trajectories; 
Earth orbits, 300 kilometers; Mars orbits, 300 kilometersj waiting time in Mars 
orbit, 25 days. 



Figure 3. - Permanent magnet 10-centimeter module of reference thrustor. 

68 



0 
0) ro 

H" 

0 
d 
k 

0 20 40 60 80 100 110 
Time, days 

Heliocentric phase 

Earth 
escape 
phase 

Planet - 
descent 
phase 
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Figure 6. - Comparison of payload fractions for Mars round-trip mission with Irving-Blm and 
constant-specific-impulse trajectories. Powerplant specific mass, 2.5 kilograms per kilowatt; 
power-conversion specific mass, 0.5 kilogram per kilowatt; thrustor specific mass, 0; thrustor 
efficiency, 100 percent. 
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Figure 7. - Thrustor efficiency and propellant-utilization efficiency of 
reference thrustor, 
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Figure 8. - Effect of thrustor efficiency on payload fraction for Mars orbiter mission. Power- 
plant specific mass, 4 kilograms per kilowatt; power-conversion specific mass, 0; thrustor 
specific mass, 0; thrustor efficiency from figure 7. 
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Powerplant specific mass, 2.5 kilograms per kilowatt; power-conversion specific mass, 0.5 kilo- 
gram per kilowatt; thrustor specific mass, 0; thrustor efficiency from figure 7. 
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Figure 11. - Effect of power conversion on payload fraction for  Mars orbiter mission. Powerplant 
specific mass, 4 kilograms per kilowatt; power-conversion specific mass, 1.4 kilograms per 
kilowatt; thrustor specific mass, 03 thrustor efficiency from figure 7. 



I' 

1 7  I Thrustor durabi l i ty ,  

2000 4 000 6 000 10,000 20,000 
Speci f ic  impulse, I, see 

Figure 1 2 .  - Reference thrus tor  spec i f i c  m a s s  with adequate 
cathode du rab i l i t y  assumed (based on exhaust j e t  power). 
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Figure 13. - Effect of thrustor  mass on payload f rac t ion  for Mars orbi te r  mission. Powerplant 
specif ic  mass, 4 kilograms per kilowatt; power-conversion specif ic  mass, 1 . 4  kilograms per 
kilowatt; thrustor  spec i f ic  mass from f igure 12;  thrustor  efficiency from f igure 7.  
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Figure 19. - Theoretical exhaust power density of 
a paraxial flow atomic ion multipropellant 
thrustor. Accel length, 2 millimeters; accel- 
to net-voltage ratio, 2.0; net accelerating 
voltage, 1600 to 5200 volts. 
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Figure 20. - Accel lengths at Cranberg electric-breakdown limit for heavy-particle paraxial- 
f low thrustors. 
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Figure 21. - P a r t i c l e  m a s s  t o  charge r a t i o  r e -  
quired for  t h rus to r  with a c c e l  length of 
10 centimeters,  accel-  t o  decel-voltage r a t i o  
of 1.0, and n e t  accelerat ing vol tage of 
600 k i l o v o l t s .  
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Figure 2 2 .  - Electron-bombardment t h r u s t o r  f o r  mercury propel lan t .  

87 

I 



Figure 23. - Electron-bombardment thrustor under development at Electro-Optical 
Systems, Inc. for cesium propellant. 
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Figure 24. - Effect of magnetic f i e l d  s t rength  
on ion-chamber performance. Beam current,  
0.125 ampere; ion-chamber p o t e n t i a l  difference,  
50 vol t s ;  p rope l lan t -u t i l i za t ion  eff ic iency,  0.8. 
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Figure 25. - Performance of a 
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Figure 27. - Estimated performance of e lectron-  
bombardment thrus tor  with mercury propel lant .  
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Figure  28. - Contact-ionization thrustor under development at Electro-Optical 
Systems, Inc . 
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Figure 29. - Contact-ionization thrustor under development at Hughes Research Labora- 
tories, Inc. 
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Figure 31. - Estimated limitation on exhaust jet power density due to charge- 
exchange ion erosion of accel electrode. Durability, 400 days; Contact- 
ionization thrustor accel electrode, copper; electron-bombardment thrustor 
accel electrode, molybdenum. 
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Figure 32. - N e u t r a l  a t o m  efflux f r o m  porous 
ion izers .  
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Figure 34. - Neutral atom efflux from porous-tungsten i on ize r s  ( ref .  74). 
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Figure 35. - Sintering rates of porous- 
tungsten ionizers. Compacting pres- 
sure, 34,000 pounds per square inch; 
atmosphere, dry hydrogen. 
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Figure 37. - Neutral fraction critical temperature for spherical-powder 
porous-tungsten ionizers. 
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Figure 38. - Estimated limitation on cesiwn ion current density due to charge-exchange ion  erosion of 
copper accel electrode. Durability, 400 days. Spherical-powder porous-tungsten ionizer neutral atom 
fraction from figure 34. 
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Figure 39. - Estimated limitation on contact-ionization thrustor ion 
current density uue to charge-exchange ion erosion of copper accel 
electrode. Durability, 400 days; spherical-powder porous-tungsten 
ionizer. 
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Figure 40. - Estimated l imi t a t ion  on contact-ionization thrus tor  e f f i -  
ciency due t o  charge-exchange ion erosion of copper acce l  e lectrode.  
Durability, 400 days; spherical-powder porous-tungsten ionizer .  
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Figure 40. - Continued. Estimated l i m i t a t i o n  on contact-ionization 
thrus tor  eff ic iency due t o  charge-exchange ion erosion of copper accel  
electrode. Durabili ty,  400 days; spherical-powder porous-tungsten 
ionizer .  
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electrode. Durability, 400 days; spherical-powder porous-tungsten 
ionizer . 
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Figure 41. - Efficiency of EOS and Hughes contact-ionization thrus tors  
as reported i n  reference 77. 
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Figure 42. - Exhaust jet power density limitations for hypothetical contact-ionization thrustors. 
Durability, 400 days; spherical-powder porous-tungsten ionizers. 
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Figure 43. - Estimate of specific mass of hypothetical contact-ionization thrustors. 
Durability, 400 days. 
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(a) Particle-size spectrum. 
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Figure 44. - Colloidal-particle size and mass distributions and 
distribution function moments. 
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(b) Particle-mass distribution function. 

Figure 44. - Continued. Colloidal-particle size and mass distributions and distri- 
bution function moments. 



I il 

I 
I 

I 

-.- - 
0 .4 .a  1 . 2  1 . 6  2 .0  2.4 2 .8  3.2 3. 6X10m2’ 

Particle mass, m, kg 

Figure 44. - Continued. Colloidal-particle size and mass distributions and distribu- 
tion function moments. 





Figure 45. - Three-module array of electron-bombardment thrustors. 
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Figure 46. - Strip-beam contact-ionization thrustor under development by Hughes Research Laboratories, Inc.  
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Figure 48. - Divergent-flow, contact-ionization, experimental thrustor 
apparatus. 
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Figure 49. - Estimated e f f ic iency  of divergent-flow thrus tor  for negl ig ib le  
* neutral-atom ef f lux .  
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Figure 51. - Design of circular-flow, contact-ionization, experimental th rus tor  
apparatus. 
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Figure 52. - Hypothetical design for reverse-feed contact-ionization thrustor. 
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Figure 53. - Neutral atom a r r i v a l  f l u x  a t  ionizer  of hypo- 
t h e t i c a l  reverse-feed thrus tor .  
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